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I.  INTRODUCTION 


A.  BACKGROUND 

1.  Modern  Wireless  Networking 

The  continuing  refinement  of  the  Institute  of  Electrical  and  Electronics 
Engineers  (IEEE)  wireless  802.11  networking  standard  has  enabled  the  average 
person  to  purchase  and  deploy  inexpensive  wireless  technology.  This  is  turn 
permits  increasingly  easy  and  rapid  connection  to  an  expanding  cloud  of  802.11 
wireless  local  area  networks  (WLANs).  Using  these  connections,  an  individual 
can  surf  the  internet  from  the  local  coffee  shop,  check  email  while  in  line  at  the 
supermarket  and  even  buy  and  sell  stock  while  at  the  car  wash.  What  has 
caused  this  proliferation  in  easily  accessible  WLANs  is  not  the  fact  that  the 
technology  is  extremely  wide-reaching  but  that  it  is  a  relatively  simple  system  to 
set  up  and  then  deploy. 

Wireless  networking  in  itself  is  not  a  new  idea.  While  in  a  different  sense 
than  the  way  the  word  is  used  today,  a  connection  between  two  handheld  radios 
can  be  identified  as  a  version  of  wireless  networking.  In  this  case,  data  is  being 
passed  in  the  form  of  voice  communications.  However,  with  the  rise  of  802.11 
networking  technology,  there  has  been  a  vast  increase  in  the  amount  of  data  that 
can  be  passed  as  well  as  the  speeds  at  which  that  data  traverses  the  network. 

Combined  with  the  ease  of  usage  that  is  inherent  and  has  been  routinely 
demonstrated  with  respect  to  802.1 1 ,  capabilities  exist  that  may  potentially  assist 
the  warfighter  during  operations  in  a  tactical  environment.  The  greater  flow  of 
data  to  the  warfighter  allows  for  better  spatial  and  situational  awareness,  thereby 
creating  more  flexible  and  robust  courses  of  action  to  satisfy  mission  objectives. 
If  a  unit  is  preparing  for  a  specific  task,  the  instantiation  of  a  local  WLAN  will  not 
only  complement  the  wired  infrastructure  needed  for  communications,  but 
increase  the  quantity  and  types  of  data  that  can  quickly  and  easily  be  relayed  to 
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the  end-user,  thus  creating  an  enhanced  capability  to  pass  orders  (C2), 
coordinate  actions,  exchange  information,  and  synchronize  actions  in  terms  of  a 
unit’s  response  to  an  incident. 

With  a  few  exceptions,  802.11  technologies  are  restricted  primarily  to  line 
of  sight  (LOS)  communications,  and  thereby  limit  network  coverage  to  terrestrial 
line  of  site  within  the  battle  space.  Creative  employment  of  802.1 1  technologies 
to  enable  the  widest  LOS  coverage  and  access  to  the  warfighter  have  included 
mounting  wireless  access  point  hardware  on  mobile  platforms  such  as  highly 
mobile  multipurpose  wheeled  vehicles  (HMMWV),  balloons,  and  mobile  antenna 
masts.  Each  of  these  solutions  accomplishes  their  desired  purpose,  to  extend 
wireless  network  coverage;  however,  each  of  these  solutions  is  anchored  to  the 
ground  and/or  requires  a  significant  logistic  footprint  to  transport,  maintain,  or 
service.  This  lack  of  combined  vertical  and  horizontal  mobility,  coupled  with  the 
aforementioned  logistic  encumbrance,  leaves  the  warfighter  with  the  requirement 
of  a  wireless  network  extension  solution  that  utilizes  a  relatively  small  logistic 
overhead  and  is  also  capable  of  volume  movement  in  the  operations  area. 

An  answer  to  this  shortfall  is  the  equipping  of  an  Unmanned  Aerial  Vehicle 
(UAV)  with  an  802.11  mobile  wireless  access  point,  thereby  breaking  the  bonds 
of  terrestrial  attachment  while  simultaneously  extending  the  coverage  of  the 
wireless  network  beyond  the  LOS  of  the  Network  Operations  Center  (NOC)  and 
proving  wireless  network  access  of  the  tactical  user  (disadvantaged  user)  out  of 
the  terrestrial  line  of  site  of  the  NOC. 

2.  Mini-Unmanned  Aerial  Vehicies 

Unmanned  Aerial  Vehicles  (UAV)  have  recently  gained  wide  spread 
attention  as  a  key  enabler  to  the  warfighter.  The  ability  to  place  a  tactical  asset 
in  the  air  with  minimal  risk  to  personnel  has  broadly  expanded  the  commander’s 
array  of  options  in  the  Joint  Operating  Area  (JOA).  Now,  the  perceived  risk  of 
putting  an  aerial  Intelligence  Surveillance  and  Reconnaissance  (ISR)  platform 
into  a  hostile  environment  is  greatly  mitigated.  Also,  due  to  the  removal  of  a 
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cockpit  from  the  system,  the  airframes  can  be  constructed  at  a  greatiy  reduced 
size  and  weight  thereby  increasing  the  design  fiexibiiity  options  availabie  to  the 
UAV  design  team. 

The  impiementation  of  UAVs  spans  miiitary  organizationai  strata,  from  the 
strategic  ievei  incorporating  airframes  iike  the  Giobai  Hawk  (See  Figure  1)  which 
can  remain  aloft  for  42  hrs.  and  employ  a  payload  of  1 ,960  Ibs^  and  the  Pioneer 
(See  Figure  2),  which  can  remain  aloft  for  29  hrs.  and  employ  a  payload  of  700 
lbs,2  all  the  way  to  the  tactical  level  with  the  introduction  of  smaller  UAVs  that  can 
be  fielded  by  maneuver-sized  elements  such  as  companies,  platoons  and 
squads. 


Figure  1  RQ-4A  Global  Hawk  (From:  globalsecurity.org). 


Global  Security.org,  <http://www.globalsecurlty.org/lntell/systems/uav.htm>,  (22  May  2006). 
2  Ibid. 
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Figure  2  Pioneer  UAV  (From:  www.fas.orq). 


Figure  3  RQ-1 1 A  Raven  (From:  xpda.com). 
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Figure  4  Boeing  ScanEagle  (From:  www.geocities.com). 

These  maneuver  element  sized  UAVs  such  as  the  RQ-11A  Raven  (See 
Figure  3)  which  can  remain  aloft  for  1.3  hrs,  and  carry  a  4.5  Ib^  and  the  Boeing 
ScanEagle  (See  Figure  4)  which  can  remain  aloft  for  15  hours  and  carry  a 
payload  of  8  Ibs^.  Most  of  the  UAVs  that  are  employed  by  maneuver  sized  units 
are  classified  as  mini-UAVs. 

Mini-UAVs  typically  fly  between  18  and  45  knots  and  weigh  between  1  and 
40  pounds  (See  Figure  5).  They  have  wingspans  between  6  inches  and  10  feet 
with  maximum  ranges  being  limited  by  the  horizon.  Mini-UAVs  must  maintain 
line-of-sight  (LOS)  between  the  aircraft  and  the  ground  station.  The  small  size  of 
these  units  inhibits  the  ability  to  carry  satellite  communications  gear  onboard  for 
Over-the-Horizon  (OTH)  communications.  Mini-UAVs  are  easily  supportable  with 
a  small  footprint  and  require  very  little  logistical  support.  These  systems  are 
designed  to  provide  an  organic  UAV  capability  to  small  forces  such  as  Special 

2  Global  Security.org,  <http;//www.globalsecurity.org/intell/systems/uav.htm>,  (22  May  2006). 

4  Boeing,  <http://www.boeing.conn/defense-space/military/scaneagle/index.htnnl>,  (23  May 
2006). 
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Operations,  company,  platoon,  and  squad  units. ^  This  genre  of  maneuver 
elements,  also  known  as  Tactical  Users,  stands  to  gain  numerous  benefits  from 
the  addition  of  organic  mini-UAV’s  to  their  inventories. 


Figure  5  UAV  Classification  Continuum  (From:  Weibel). 

B.  THE  TACTICAL  USER 

With  the  emergence  of  the  information  enabled  combatant,  the  warfighter 
has  been  equipped  with  a  wealth  of  situational  awareness  aids,  real  time 
targeting  tools,  and  communication  channels.  Utilizing  these  different  elements 
requires  a  greater  networking  signal  footprint,  to  extend  the  command  and 
control  that  the  unit  commander  can  provide.  As  such,  there  is  a  greater 
requirement  for  the  flow  of  data  from  the  battlefield  to  the  unit  commander  and,  if 
required,  to  the  mission  level  or  even  theatre  level  commander. 

The  tactical  user  label  spans  a  wide  envelope  of  descriptions.  The  light 
infantryman  is  an  obvious  candidate  for  this  label,  but  Special  Operations  Forces 
(SOF),  Vessel  Boarding  Search  and  Seizure  (VBSS)  parties.  Maritime 
Interdiction  Operations  (MIO)  teams,  and  constabulary  forces  also  fit  well  in  this 
wide  description. 


5  Weibel,  p.  2. 
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However,  the  JOA  is  an  environment  that  is  harsh  and  unforgiving.  A 
deployment  of  existing  technologies,  such  as  COTS  802.11  technology,  requires 
a  robust  platform  that  can  withstand  the  ever-changing  environmental  conditions 
that  may  be  experienced  throughout  the  world.  Fortunately,  the  commercial  world 
has  realized  the  requirement  for  these  robust  platforms  and  has  designed  and 
fielded  equipment  capable  of  operating  in  the  adverse  environments  found  in  the 
JOA.6 

C.  AERIAL  IMPROVISED  EXPLOSIVE  DEVICE  (AIED)  THREAT 

As  early  as  January  2006,  AIEDs  were  reportedly  being  employed  by 
insurgents  in  Iraq^  to  bring  down  low  flying  helicopters.  The  evolution  of  this 
threat  naturally  points  toward  enabling  a  COTS  Remote  Controlled  (RC)  aircraft 
or  improvised  UAV  with  an  explosive  payload  to  be  used  as  an  extended  range 
AIED.  This  implementation  is  advanced  by  the  increasing  sophistication  of  RC 
Aircraft  digital  transmitters  and  receivers,  the  reduction  in  size  and  weight  of  IP 
based  technologies,  the  availability  of  commercial  autonomous  flight  packages 
and  the  presence  of  open  source  software  to  enable  the  integration  of 
autonomous  flight  components  into  RC  aircraft  which  may  permit  the  flight  of 
AIEDs  in  nearly  any  environment  by  an  enemy  combatant  not  co-located  with  the 
AIED.  A  brief  search  on  the  internet  yields  a  detailed  description  of  converting 
an  RC  Helicopter  to  a  computer  controlled  WiFi  linked  UAV.s 

D.  COASTS  2006 

1.  Background 

The  Coalition  Operating  Area  Surveillance  and  Targeting  System 
(COASTS)  programmatic  concept  is  an  effort  to  respond  to  the  recognized 
requirement  to  produce  a  rapidly  deployable,  low  cost,  system  to  support  multi- 

6  COSTS  2006  CONORS,  p.  2. 

^  DefenseTech.org,  <http://www.defensetech.org/archives/002090.htnnl>,  (19  August  2006). 

®  Orange,  <http://perso.orange.fr/pascal.brisset/chromicro/doc/chromicro.html>,  (17 
September  2006). 
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national  data  sharing  by  fielding  a  robust  IP  network  based  on  wired  and  wireless 
COTS  technologies.  This  fielded  network  provides  a  platform  from  which  various 
COTS  C4ISR  technologies  are  evaluated  for  JOA  implementation  and  integration 
by  the  warfighter. 

Most  Naval  Postgraduate  School  (NPS)  field  experiments  are,  due 
primarily  to  their  affiliation  with  activities  that  conduct  such  operation,  primarily 
CLASSIFIED  in  nature.  The  COASTS  2006,  test,  and  evaluation  platform  is,  by 
design,  an  UNCLASSIFIED  effort  to  provide  a  venue  for  coalition  partners, 
domestic  constabulary  agencies,  and  Non-Governmental  Organizations  (NGO). 
This  premeditated  adherence  to  an  unclassified  infrastructure  allows  the 
integration  of  the  above  agencies  into  experimentation  in  accordance  with  Chief 
of  Naval  Operations  (CNO)  Guidance,  2006. 

2.  Purpose 

COASTS  2006  expanded  upon  the  original  field  experiment  conducted 
during  COASTS  2005’s  deployment  to  Wing  2,  Lop  Buri,  Thailand.  In  2006,  the 
network  team  researched  equipment  relative  to  low-cost,  commercially  available 
solutions  while  integrating  each  technology  and  capability  into  a  larger  system  of 
systems  in  support  of  tactical  action  scenarios. 

The  May  2006  demonstration  was  an  air,  ground,  and  water-based 
scenario,  occurring  just  north  of  Chiang  Mai,  Thailand.  The  scenario  (See  Figure 
6)  encompassed  first-responder,  law  enforcement,  counter-terrorism,  and 
counter-drug  objectives. 
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Figure  6  COASTS  Scenario  Topology  (From:  Ehlert,  2006). 


The  tactical  information  being  collected  from  the  scenario  was  fused, 

displayed,  and  distributed  in  real-time  to  local  (Chiang  Mai),  theater  (Bangkok), 

and  global  (Alameda,  California)  command  and  control  (C2)  centers.  This  fusion 

of  information  lead  to  the  validation  of  using  wireless  communication  mediums  to 

support  redundant  links  of  the  National  Information  Infrastructure,  as  well  as  the 

test  and  evaluation  of  the  ‘last  mile’  solution  for  the  disadvantaged  user. 

Continuing  with  COASTS  2005’s  research  theme,  COASTS  2006  again:  (1) 

examined  the  feasibility  of  rapidly-deploying  networks,  called  “Fly-away  Kits” 

(FLAK)  and  (2)  explored  sustainable  considerations  with  respect  to  a  hostile 

climatic  (temperature,  humidity,  wind,  etc.)  environment.  Network  improvements 

included  the  testing  and  evaluation  of  new  802.11  mesh  WLAN  equipment,  the 

refinement  of  a  jointly-developed  (NFS  and  Mercury  Data  Systems)  3-D 

topographic  shared  situational  awareness  (SSA)  application  called  CSTrak, 
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enhanced  unattended  ground  and  water-based  sensors,  new  balloon  and 
unmanned  aerial  vehicles  (UAV)  designs,  portable  biometric  devices,  portable 
explosive  residue  detecting  devices,  and  revised  operational  procedures  for 
deployment  of  the  network.^ 

3.  COASTS  2006  Tactical  Implementation 

Through  the  use  of  all  of  the  elements  involved  with  the  COASTS 
experiment  the  final  objective  is  to  enable  the  soldier  or  unit  on  the  ground  with 
complete  spatial  awareness  of  the  specific  battlespace.  Using  a  rapidly 
deployable  WLAN  mesh  network,  the  user  can  integrate  his/her  communication 
device  into  the  network  via  several  different  methods  which  would  include: 

802.11  b/g 

802.16  Orthogonal  Frequency  Division  Multiplexing  (OFDM) 

Satellite  Communications  (SATCOM) 

Situational  Awareness  Software 
Wearable  Computing  Devices 
Personal  Navigation  Monitors  (PNM) 

Air  and  Ground  Sensors 

Mobile/Fixed  Command  and  Control  Platforms. 

All  of  these  different  methods  would  mesh  seamlessly  so  the  user  could 
identify,  communicate,  and  ultimately  operate  with  the  other  units  on  the  ground 
as  well  as  remain  in  contact  with  the  commanders  removed  from  the  battlefield 
and  even  commanders  who  are  removed  from  the  theatre. 


9  COASTS  2006  CONORS,  pp.  3-4. 
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The  end  objective  for  the  overall  COASTS  project  is  to  employ  modern 
technology  such  that  the  maximum  amount  of  force  can  be  brought  to  bear  while 
providing  the  maximum  amount  of  battlefield  awareness  in  conjunction  with  the 
smallest  amount  of  supportJO 

E.  THESIS  OBJECTIVES 

The  COASTS  2006  field  experiment  is  utilizing  various  advances  in 
802.11  technologies  that  permit  a  rapidly  formed  mesh  networks  via  COTS 
equipment.  In  addition,  the  area  of  operations  (AO)  is  an  environmentally 
adverse  location  so  the  equipment  being  employed  has  been  designed  to 
withstand  the  hostile  conditions  expected.  However,  what  has  not  been 
examined  in  detail  is  the  effect  that  the  varying  physical  and  environmental 
factors  might  have  on  the  802.11  signal,  and  the  performance  of  a  VTOL  UAV 
equipped  with  802.1 1  technologies. 

The  goal  of  this  thesis  is  to  build  upon  pre-existing  802.11  IEEE  standard 
applications  in  an  urban,  signal-friendly  setting,  and  apply  the  standard  to  a 
COTS  RC  Helicopter  UAV  surrogate  in  a  tactical  and  operational  situation.  This 
exploration  will  help  increase  the  understanding  of  how  802.11  coverage  might 
be  extended  by  a  VTOL  UAV.  Concurrently,  research  will  be  conducted  to 
identify  systematic  queues  to  AIED  production  and  potential  interdiction 
techniques  of  an  AIED  as  it  is  employed  against  a  target. 


10  COASTS  2006  CONORS,  pp.  3-4. 
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II.  TECHNOLOGICAL  BACKGROUND 


A.  MESH  DYNAMICS  MESHED  802.11  STRUCTURED  MESH  NETWORKS 

1.  Introduction 

The  ability  to  deploy  a  high  performance  wireless  network  that  is  not  only 
transparent  to  the  client  but  provides  robust,  mobile,  radio  and  IEEE  protocol 
while  providing  quality  of  service  assurance  is  very  advantageous.  The  military 
community  deploys  in  fixed  and  expeditionary  infrastructures  that  require  the 
distribution  of  digital  information  to  support  battlefield  preparation  and  battlefield 
situational  awareness. 

The  advent  of  digital  sensor  networks;  UAV  Command  and  Control, 
Intelligence,  Surveillance  and  Reconnaissance  (C2ISR)  systems.  Blue  Force 
tracking,  and  the  increased  need  for  imagery  data  require  robust  digital  wireless 
networks.  These  networks  need  to  be  auto-configurable  and  scalable  under  a 
single  control  layer. 

The  data  and  communication  network  complexity  of  a  rapid  deployment 
force  would  resemble  that  of  a  Mobile  Area  Networks  (MAN)  with  static  and 
mobile  Wireless  Local  Area  Networks  (WLAN),  under  which  numerous  Portable 
Area  Networks  (PAN)  exist.  The  MAN  would  represent  the  “region  of  interest” 
and  could/would  be  100%  wireless  or  consist  of  several  “wired”  operation  centers 
with  a  hybrid  of  wireless  back  hauls  and  WLANs.  WLANs  would  be  established 
within  the  operational  unit.  PANs  would  be  established  to  support  sensor 
networks,  inter-squad  communications,  etc.  WLANs  and  PANs  could  be  highly 
mobile  and  dynamic  in  nature,  and  potentially  would  extend  beyond  outside  of 
direct  MAN  connectivity."''' 


"'''  F.  Acosta,  US  High  Performance  Mesh.  Santa  Rosa:  2005. 
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2.  The  MeshDynamics  Meshed  Network  Architecture 

Cost  effective  wireless  coverage  on  a  large  scale  requires  that  the  mesh 
must  be  able  to  provide  sufficient  bandwidth  to  clients  many  “hops”  away  from 
the  Ethernet  feed.  Therein  lay  inherent  limitations  of  mesh  products  which  use 
one  radio  for  the  backhaul.  The  chief  limitation  being  that  One-Radio  Ad  Hoc 
Mesh  architecture  does  not  scale. 


Figure  7  MeshDynamics  multi-radio  backhaul  Comparison  (From:  Acosta). 

In  a  single  radio  wireless  backhaul,  all  backhaul  radios  must  “talk”  on  the 
same  channel  (see  Figure  7).  However,  a  radio  cannot  send  and  receive  at  the 
same  time.  When  data  is  to  be  relayed  across  multiple  access  point  segments  it 
must  be  received  by  one  backhaul  radio  and  then  re-transmitted  by  that  backhaul 
radio  to  be  received  by  another  downstream  backhaul  radio. 

During  this  relay,  nearby  radios  have  to  be  quiet;  since  all  radios  are  on 
the  same  channel  and  therefore  are  a  source  of  interference.  This  receive-send- 
receive  process  used  by  one  radio  backhauls  limits  overall  performance,  and  can 
result  in  bandwidth  loss  and  increased  latency  of  up  to  50%  per  hop. 
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3.  Structured  Mesh^*^  Uses  a  2-Radio  Backhaul 

Two  mesh  architectures  are  shown  in  Figure  8  below.  Most  mesh 
products  are  a  variant  of  the  approach  shown  on  the  left.  One  radio  services 
clients  (pink)  while  the  other  radio  (blue)  forms  a  single  radio  ad  hoc  backhaul 
mesh.  The  radios  operate  in  non  interfering  bands:  2.4  GHz  (pink)  for  service  and 
5.8  GHz  (blue)  for  the  backhaul.  Note  that  the  wireless  backhaul  is  still  a  single 
radio  -  only  one  radio  (blue)  is  part  of  the  backhaul.  Packets  share  bandwidth  at 
each  hop  along  the  path  with  other  interfering  mesh  backhauls  -  all  operating  on 
the  same  channel  -  because  it  is  a  single  radio  wireless  backhaul. 


Figure  8  MeshDynamics  multi-radio  backhaul  Simultaneous  Send  and 

Receive  (From:  Acosta). 


MeshDynamics  Mesh  Products  have  two  backhaul  radios  (for 
uplink/downlink)  and  a  third  2.4GHz  service  radio.  Both  the  backhaul  up  link  and 
down  link  "talk"  on  different  channels.  Bandwidth  degradation  effects  endemic  to 
single  radio  backhauls  are  eliminated  -  each  radio  link  operates  independently 
and  simultaneous  send/receives  are  now  possible.  The  separate  uplink  and 
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downlink  emulates  wired  switch  stacks.  This  architecture  supports  scalable 
networks.  Minimal  performance  degradation  is  experienced,  even  over  several 
WAP  segments. 

In  the  unlicensed  space,  interference  from  other  radios  is  a  fact  of  life. 
Reduced  performance  by  operating  on  a  "polluted"  channel  is  especially 
significant  in  dense  metro  areas.  In  1 -radio  backhauls  all  radios  share  the  same 
channel.  Interference  on  that  channel  affects  the  entire  network.  In  contrast,  a  2- 
radio  backhaul  is  more  agile:  the  backhaul  radios  can  switch  to  other  channels  to 
mitigate  local  interference  sources. 

4.  Modular  Approach  Supports  Extendibility 

The  MeshDynamics  Modular  Mesh  framework  is  purposely  built  to  ensure 
interoperability  between  members  of  the  product  family.  Modules  form  a  network 
even  if  backhaul  operate  in  different  frequency  bands. 


Figure  9  Modular  Mesh  Interoperable  Network  (From:  Acosta). 

As  an  example  (See  Figure  9),  the  two  mobile  nodes  above  communicate 
with  each  other,  though  they  are  operating  on  different  backhaul  bands.  The 
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"service"  radio  of  node  4455  is  acting  as  the  parent  downlink  for  node  4325.  Also 
edge  nodes  4220  connects  with  relay  node  4350  through  the  service  radio. 

Since  2.4GHz  has  more  range  than  5.8GHz  radios,  a  2.4GHz  backhaul  is 
preferable  in  low  client  density  situations  (such  as  rural  areas)  or  at  edges  of  the 
network  where  the  interference  is  low.  Interference  increases  with  increasing 
client  densities  (as  in  urban  areas).  The  2.4GHz  edge  node  (4220)  does  not 
become  obsolete:  it  may  be  field  upgraded  to  a  3-Radio  5.8GHz  backhaul  +  AP 
(4350).  The  4350  unit  may  be  field  upgraded  to  a  4-radio  module  if  additional 
downlinks  (4452)  or  an  additional  AP  (4458)  is  needed.  Other  mesh  products 
have  not  been  designed  with  this  level  of  flexibility  in  mind.i2 

Due  to  the  stated  strengths  of  the  Modular  Mesh  system,  it  was  selected 
for  implementation  by  the  COASTS  2006  project.  As  such,  and  to  maintain 
interoperability  within  the  mesh,  a  MD  mobile  access  point  was  selected  as  the 
802.1 1  Wireless  Access  Point  (WAP)  payload  for  the  VTOL  UAV  surrogate. 

B.  ROTARY  UAV  SURROGATE 

1.  Airframe 

Due  to  the  commercial  shipping  constraints  of  Petroleum,  Oil  and 
Lubricant  (POL)  containing  vehicles,  and  the  transpacific  voyage  that  the  VTOL 
UAV  surrogate  was  to  undergo  in  support  of  the  COASTS  2006  experiment,  a 
decision  was  made  very  early  on  in  the  project  to  pursue  an  electric  powered 
solution.  This  decision,  and  the  dimensional  baggage  shipping  constraints 
placed  on  commercial  airline  traffic,  helped  to  scope  market  research,  bound 
payload  restrictions,  and  define  airframe  size. 

Based  on  market  research,  the  majority  of  the  COTS  helicopter  models  at 
the  upper  end  of  the  size  scale  were  appropriate.  Because  of  the  payload 


"1 2  F.  Acosta  "Why  Structured  Mesh?."  Mesh  Dynamics  Structured  Mesh  Technology.  Mesh 
Dynamics.  <http://www.meshdynamics.comAA/hyStructuredMesh.htmi>,  (26  August  2006). 
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requirements,  and  therefore  the  required  power  needed,  a  very  stiff 
airframe/structure  was  desired,  so  a  model  with  a  carbon  fiber  construction  was 
chosen. 

2.  Power  Plant 

The  selection  of  a  vehicle’s  prime  mover  selection,  be  it  an  aircraft  or  an 
earthbound  platform,  plays  a  major  role  in  vehicle  design.  With  that  in  mind, 
extensive  market  research  was  performed  to  match  power,  weight,  and  operating 
characteristics  of  the  perspective  payload,  airframe  and  battery  configurations 
with  the  appropriate  motor.  Market  research  was  performed  and  two  general 
types  of  COTS  electric  motors  were  available;  brushed  and  brushless. 

In  a  conventional  (brushed)  DC-motor,  the  brushes  make  mechanical 
contact  with  a  set  of  electrical  contacts  on  the  rotor  (called  the  commutator), 
forming  an  electrical  circuit  between  the  DC  electrical  source  and  the  armature 
coil-windings.  As  the  armature  rotates  on  axis,  the  stationary  brushes  come  into 
contact  with  different  sections  of  the  rotating  commutator.  The  commutator  and 
brush-system  form  a  set  of  electrical  switches,  each  firing  in  sequence,  such  that 
electrical-power  always  flows  through  the  armature-coil  closest  to  the  stationary 
stator  (permanent  magnet.) 

In  a  brushless  DC  (BLDC)  motor,  the  brush-system/commutator  assembly 
is  replaced  by  an  intelligent  electronic  controller.  The  controller  performs  the 
same  power-distribution  found  in  a  brushed  DC-motor,  only  without  using  a 
commutator/brush  system.  The  controller  contains  a  bank  of  metal-oxide- 
semiconductor  field-effect  transistor  (MOSFET)  devices  to  drive  high-current  DC 
power,  and  a  microcontroller  to  precisely  orchestrate  the  rapid-changing  current- 
timings.  Because  the  controller  must  follow  the  rotor,  the  controller  needs  some 
means  of  determining  the  rotor's  orientation/position  (relative  to  the  stator 
coils). '■3 


"1 3  Wikipedia,  <http://en.wikipedia.org/wiki/Brushless_DC_Electric_Motor>,  (15  June  2006). 
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BLDC  motors  offer  several  advantages  over  brushed  DC-motors,  including 
higher  reliability,  reduced  noise,  longer  lifetime  (no  brush  erosion),  elimination  of 
ionizing  sparks  from  the  commutator,  and  overall  reduction  of  electromagnetic 
interference  (EMI.)  BLDC's  main  disadvantage  is  higher  cost,  which  arises  from 
two  issues:  First,  BLDC  motors  require  high-power  MOSFET  devices  in  the 
fabrication  of  the  electronic  speed  controller.  Brushed  DC-motors  can  be 
regulated  by  a  comparatively  trivial  variable-resistor  (potentiometer  or  rheostat), 
which  is  inefficient  but  also  satisfactory  for  cost-sensitive  applications.  BLDC 
motors  need  a  more  expensive  integrated  circuit,  called  an  electronic  speed 
controller,  to  offer  the  same  type  of  variable-control.  Second,  when  comparing 
manufacturing  techniques  between  BLDC  and  brushed  motors,  many  BLDC 
designs  require  manual-labor,  to  hand-wind  the  stator  coils.  On  the  other  hand, 
brushed  motors  use  armature  coils  which  can  be  inexpensively  machine-wound. 

BLDC  motors  are  considered  more  efficient  than  brushed  DC-motors.  This 
means  for  the  same  input  power,  a  BLDC  motor  will  convert  more  electrical 
power  into  mechanical  power  than  a  brushed  motor.  The  enhanced  efficiency  is 
greatest  in  the  no-load  and  low-load  region  of  the  motor's  performance  curve. 
Linder  high  mechanical  loads,  BLDC  motors  and  high-quality  brushed  motors  are 
comparable  in  efficiency'll. 

Because  of  the  efficiency  and  performance  characteristics  of  BLDC 
motors,  a  BLDC  was  selected  as  the  power  plant  for  the  VTOL  UAV  surrogate 
described  in  this  thesis. 

3.  Electronic  Speed  Controller 

An  Electronic  Speed  Controller  (ESC)  is  a  stand-alone  unit  which  plugs 
into  the  receiver's  throttle  control  channel  and  interprets  control  information  in  a 
way  that  varies  the  switching  rate  of  a  network  of  field  effect  transistors  (FET). 
This  switching  allows  for  much  smoother  and  more  precise  variation  of  motor 
speed  in  a  far  more  efficient  manner  than  the  mechanical  type  with  a  resistive 

14  Wikipedia,  <http://en.wikipedia.org/wiki/Brushless_DC_Electric_Motor>,  (15  June  2006). 
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coil  and  moving  arm  once  in  common  use.  In  rotary  flight,  it  is  desirable  to 
maintain  a  constant  rotor  head  RPM  in  most  cases,  and  most  modern  ESCs 
provide  constant  speed  functionality  to  enable  this  option.  The  ESC  adjusts 
voltage  output  (RPM)  and  current  (torque)  to  maintain  rotor  RPM  at  a  constant 
rate  as  collective  settings  (collective  pitch)  are  varied.  This  produces  stable  and 
predictable  flight  performance.  Lithium  Polymer  (LiPO)  ESC  models  also  provide 
for  low  voltage  cutoff,  which  is  essential  for  use  with  LiPo  battery  packs  to 
prevent  damage,  and  possible  combustion  of  the  battery  packs. 

It  is  essential  that  the  ESC  be  matched  with  the  type  of  motor  (brushed  or 
brushless)  and  the  motors  capacity.  As  the  motor  selected  for  the  surrogate 
VTOL  UAV  is  capable  of  drawing  >40A  of  current,  the  ESC  must  be  rated  to 
handle  the  current  and  associated  heat  load  to  prevent  damage  to  the  ESC  and 
enable  the  peak  performance  of  the  motor  in  the  presence  of  both  moderate  and 
high  ambient  temperature  operations. 

4.  Receiver 

As  the  name  of  this  component  suggests,  it  acts  as  the  wireless  receiving 
station  for  the  signal  that  is  transmitted  from  the  operator’s  radio  remote  control. 
Receivers  in  the  market  place  today  operate  27,  72,  75  MHz,  and  2.4  GHz.  In 
the  27,  72,  and  75  MHz  frequencies  channels  are  spaced  out  at  20  kilo  hertz 
(KHz)  intervals  to  allow  for  multiple  paired  receiver  /  transmitter  users  to  operate 
in  discrete  channels  without  interference.  The  Federal  Communications 
Commission  limits  the  output  power  in  the  27,  72,  and  75  MHz  frequencies  to 
750  miliwatts  (mW).  2.4  GHz  models,  along  with  their  transmitters  were  not 
considered  for  this  experiment,  as  the  many  technologies  in  the  COASTS  2006 
experiment  operated  in  the  2.4  GHz  space.  However,  interference  was  not  a 
likely  worry  in  the  2.4  GHz  space,  as  FCC  regulations  require,  as  a  condition  on 
their  certification,  that  devices  not  interfere  with  other  certified  devices  in  that 
frequency,  but  providing  as  clean  a  Radio  Frequency  (RF)  space  in  experimental 
conditions  as  possible  was  deemed  desirable. 
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For  receivers  used  in  helicopter  applications,  pitch,  collective,  yaw  /  gyro, 
throttle,  cutoff  and  receiver  power  channels  are  required.  Because  of  this 
requirement,  receivers  with  fewer  than  six  channels  were  not  considered  for 
installation  in  the  VTOL  UAV  surrogate. 

5.  Servos 

The  primary  function  of  a  servo  is  to  convert  an  electrical  signal  into  a 
mechanical  output.  The  mechanical  output  in  the  case  of  rotary  flight  is  control 
surface  input.  Because  of  the  near  continuous,  minute,  and  robust  control  inputs 
required  for  controlled  rotary  flight,  specific  performance  characteristics  of  servos 
used  in  RC  helicopter  applications  exist.  Servos  must  be  responsive  (<  .2 
sec/60°)  and  powerful  (>120  in  oz.  torque).  A  wide  variety  of  servos  in  this  range 
exists  and  is  represented  broadly  by  two  classes;  digital  and  standard.  The 
digital  servos  operate  in  a  more  precise  and  predictable  manner  and  are 
generally  more  fault  resistant  than  the  standard  analog  types.  Because  of  this 
positive  trait,  digital  servos  were  selected  for  the  VTOL  UAV  surrogate. 

6.  Heading  Gyro 

Heading  gyros  work  with  the  yaw  servo  to  detect  and  dampen  or  nearly 
eliminate  helicopter  movement  in  the  yaw  axis  (defined  as  planar  motion  about 
the  main  rotor  shaft).  This  is  accomplished  by  an  accelerometer  in  the  heading 
gyro  detecting  motion  in  the  yaw  axis  and  sending  a  compensating  signal  to  the 
yaw  servo  to  correct  for  the  deviation.  Not  all  motion  in  the  yaw  axis  is  unwanted 
though,  so  the  gyro  monitors  the  signal  from  the  yaw  channel  of  the  receiver  to 
allow  specific  frequencies  of  yaw  when  a  control  signal  is  detected  from  the 
receiver.  Many  gyro  units  have  a  heading  hold  feature  which  also  dampens  the 
yaw  signal  from  the  receiver  to  prevent  over  controlling  and  pilot  induced 
oscillations  (PIO).  This  feature  is  desirable  for  the  novice  RC  helicopter  pilot  as  it 
provides  more  yaw  controllability  and  therefore  a  gentler  operator  learning  curve. 
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7. 


Batteries 


There  are  three  major  chemistry  types  used  in  constructing  a 
rechargeable  battery.  The  first  one  is  called  Nickel  Cadmium  (NiCd).  NiCd 
batteries  are  relatively  inexpensive,  but  they  have  a  number  of  negatives.  NiCd 
batteries  need  to  be  fully  discharged  after  each  and  every  use.  If  they  aren’t,  they 
will  not  discharge  to  their  full  potential  (capacity)  on  subsequent  discharge 
cycles,  causing  the  cell  to  develop  what’s  commonly  referred  to  as  a  memory. 
Additionally,  the  capacity  per  weight  (also  known  as  “energy  density”)  of  NiCd 
cells  is  generally  less  than  Nickel  Metal  Hydride  (NiMH)  or  Lithium  Polymer 
(LiPo)  cell  types  as  well.  Finally,  the  Cadmium  that  is  used  in  the  cell  is  quite 
harmful  to  the  environment,  making  disposal  of  NiCd  cells  an  issue.  For 
thisreason  several  countries  in  Europe  have  banned  NiCd  batteries.  This  ban 
accelerated  the  demand  for  alternative  cell  types,  and  the  first  to  really  answer 
the  call  was  NiMH. 

NiMH  cells  have  many  advantages  over  NiCd  cells.  With  the  removal  of 
Cadmium  from  the  cell,  the  NiMH  cells  were  able  to  fill  the  need  for  industrial  and 
hobby-grade  batteries  over  a  much  broader  market.  NiMH  cell  manufacturers 
were  also  able  to  offer  significantly  higher  capacities  in  cells  approximately  the 
same  size  and  weight  of  comparable  NiCd  cells.  NiMH  cells  have  an  advantage 
when  it  comes  to  cell  memory  too,  as  they  do  not  develop  the  same  performance 
issues  as  a  result  of  improper  discharge  care. 

Lithium  Polymer  cells  are  the  newest  and  most  revolutionary  cells  to  come 
to  market.  LiPo  cells  typically  maintain  a  more  consistent  average  voltage  over 
the  discharge  curve  when  compared  to  NiCd  or  NiMH  cells.  Add  to  that  the 
higher  nominal  voltage  of  a  single  LiPo  cell  (3.7V  versus  1.2V  for  a  typically  NiCd 
or  NiMH  cell),  making  it  possible  to  have  an  equivalent  or  even  higher  total 
nominal  voltage  in  a  much  smaller  package.  LiPo  cells  also  typically  offer  very 
high  capacity  for  their  weight,  delivering  upwards  of  twice  the  capacity  for 
sometime  the  weight  of  comparable  performance  NiMH  cells  and  packs. 

However,  with  so  much  energy  packed  into  such  a  small  space,  there  are  some 
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important  safety  measures  to  take  when  dealing  with  LiPo  cells.  A  LiPo  cell 
needs  to  be  carefully  monitored  during  charging  as  overcharging  a  LiPo  cell  (to 
beyond  4.2v),  or  the  charging  of  a  physically  damaged  or  over  discharged  cell 
(discharged  to  below  3.0v  under  load)  can  be  a  potential  fire  hazard. 

Care  must  not  only  be  taken  when  charging  LiPo  cells,  but  when 
discharging  them  as  well.  A  LiPo  pack  should  never  be  over-discharged  below 
3.0v  per  cell  under  load,  and  ESC  programmed  to  provide  the  proper  low  voltage 
cutoff  for  the  pack  (for  example,  a  9v  cut  off  for  a  3  series  LiPo  pack)  must  be 
used.  While  these  seem  like  major  deterrents  to  using  a  LiPo  battery,  these 
usage  guidelines  are  quickly  becoming  well  known  and  are  typically  well  outlined 
in  the  instruction  manuals  included  with  most  LiPo  packs,  ESCs  and  LiPo 
chargers. ■'5  With  all  of  their  performance  benefits,  lithium  polymer  battery  packs 
are  the  power  sources  that  were  selected  for  the  VTOL  UAV  surrogate. 

8.  Transmitter 

Modern  Radio  Control  transmitters  have  become  very  versatile.  Current 
high  end  versions  employ  frequency  hopping  techniques  to  prevent  potentially 
catastrophic  RF  interference,  and  many  have  sophisticated  onboard  computers. 
The  most  expensive  models  utilize  high  speed  processors  and  run  versions  of 
the  Microsoft  Mobile  PC  operating  system  with  full  color  displays.  With  some 
models  having  over  15  control  knobs  and  switches,  it  is  difficult  to  readily  identify 
the  most  appropriate  model  for  use.  However,  the  criteria  for  multiple 
programmable  models,  helicopter  modes,  a  minimum  of  4  selectable  multi¬ 
position  switches,  onboard  flight  timing,  and  an  interface  to  a  computer  simulator 
do  exist.  Based  on  these  criteria,  a  well  suited  radio  was  selected. 

9.  Support  Equipment 

Flight  simulation  software,  tools,  chargers,  calibration  and  diagnostic 
equipment,  repair  materials,  lubricants,  and  solvents  are  all  required  to  field  the 

"RC  Airplane  Battery  Basics."  Red  Rocket  Hobby  Shop. 
<http://www.redrockethobbies.com/RC_Airplane_Battery_Basics_s/263.htm>,  (27  August  2006). 
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surrogate  VTOL  UAV.  Each  item,  essential  in  its  function,  was  painstakingly 
identified  and  researched  to  ensure  its  necessity  and  applicability  to  the  project. 


C.  HELICOPTER  AERODYNAMICS 

For  the  purpose  of  this  thesis,  a  general  understanding  of  helicopter 
performance  in  the  presence  of  different  atmospheric  conditions  is  necessary  to 
identify  the  unique  challenges  associated  with  the  selection  of  many  aspects  of 
the  surrogate  UAV  and  account  for  the  performance  results  discussed  in  Chapter 
VI.  A  much  more  in  depth  discussion  of  the  mysteries  of  rotary  aerodynamics 
could  be  undertaken.  This  discussion  however,  will  be  limited  to  the  effects  of 
atmospheric  conditions  on  helicopter  performance.  The  following  discussion  is 
taken  from  The  Basic  Helicopter  Handbook."'® 

1.  Helicopter  Performance 

Assuming  that  a  helicopter  engine  and  all  components  are  operating 
satisfactorily,  the  performance  of  the  helicopter  is  dependent  on  three  major 
factors: 

Density  altitude  (air  density) 

Gross  weight 

Wind  velocity  during  takeoff,  hovering,  and  landing 

For  the  purposed  of  this  thesis,  only  air  density  and  its  effects  on  rotary 
aerodynamics,  specifically  lift,  will  be  discussed. 

a.  Air  Density 

Air,  like  liquids  and  other  gases,  is  a  fluid.  Because  it  is  a  fluid,  it 
flows  and  changes  shape  under  pressure.  Air  is  said  to  be  "thin"  at  high  altitudes; 
that  is,  there  are  fewer  molecules  per  cubic  foot  of  air  at  10,000  feet  than  at  sea 
level.  The  air  at  sea  level  is  "thin"  when  compared  to  air  compressed  to  30 

"'®  United  States.  Federal  Aviation  Administration,  Basic  Helicopter  Handbook.  Aviation 
Supplies  &  Academics,  1978. 


24 


pounds  of  pressure  in  an  automobile  tire.  A  cubic  inch  of  air  compressed  in  an 
automobile  tire  is  denser  than  a  cubic  inch  of  "free"  air  at  sea  level. 

For  example,  in  a  stack  of  blankets,  the  bottom  blanket  is  under 
pressure  of  all  blankets  above  it.  As  a  result  of  this  pressure,  the  bottom  blanket 
may  be  squeezed  down  until  it  is  only  one-tenth  as  bulky  as  the  fluffy  blanket  on 
top.  There  is  still  just  as  much  wool  in  the  bottom  blanket  as  there  is  in  the  one 
on  top,  but  the  wool  in  the  bottom  blanket  is  10  times  denser.  If  the  second 
blanket  from  the  bottom  of  the  stack  were  removed,  a  force  of  15  pounds  might 
be  required  to  pull  it  out.  The  second  blanket  from  the  top  may  require  only  1 
pound  of  force.  In  the  same  way,  air  layers  near  the  earth's  surface  have  much 
greater  density  than  air  layers  at  higher  altitudes.  Simply  stated,  the  lower  the 
elevation  of  the  earth's  surface,  the  greater  the  density  of  the  air  layers.  For 
example,  the  layer  of  air  at  sea  level  would  be  denser  than  the  layer  of  air  at  the 
earth's  surface  at  Denver,  Colo.,  at  approximately  1  mile  above  sea  level. 

The  above  principle  may  be  applied  in  flying  aircraft.  At  lower  levels 
the  rotor  blade  is  cutting  through  more  and  denser  air,  which  offers  more  support 
(lift)  and  increases  air  resistance.  The  same  amount  of  power,  applied  at  higher 
altitudes  where  the  air  is  thinner  and  less  dense,  propels  the  helicopter  faster. 

b.  Density  Altitude 

Density  altitude  refers  to  a  theoretical  air  density  which  exists  under 
standard  conditions  of  a  given  altitude.  Standard  conditions  at  sea  level  are: 

Atmospheric  pressure  -  29.92  in.  of  Hg  (inches  of  mercury) 

Temperature  -  59°  F.  (15°  C.) 

Standard  conditions  at  any  higher  altitude  are  based  on: 

Atmospheric  pressure  (reduced  to  sea  level):  29.92  in.  of  Hg 

Temperature:  59°  F.  (15°  C.)  minus  3  1/2°  F.  (2°  C.)  per  1,000  feet 

elevation 
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For  example,  if  the  atmospheric  pressure  (reduced  to  sea  level)  at 
an  airport  located  5,000  feet  above  sea  level  is  29.92  inches  of  mercury  and  the 
temperature  is  59°  -  (3.5°  x  5)  =  41 .5°  F.  (5°  C.),  the  air  density  is  standard  at  that 
altitude.  (The  actual  barometric  pressure  at  an  elevation  of  5,000  feet  under 
these  conditions  would  be  approximately  24.92  inches  of  mercury  since 
atmospheric  pressure  decreases  approximately  1  inch  per  1 ,000-foot  increase  in 
altitude.  The  average  temperature  decrease  per  1 ,000-foot  increase  in  altitude  is 
3.5°  F.). 


c.  Effect  of  High  Density  Altitudes  on  Helicopter 
Performance 

High  elevations,  high  temperatures,  and  high  moisture  content,  all 
of  which  contribute  to  a  high  density  altitude  condition,  lessen  helicopter 
performance.  Because  the  difference  between  power  available  and  power 
required  is  so  small  for  a  helicopter,  particularly  in  hovering  flight,  density  altitude 
is  of  even  greater  importance  to  the  helicopter  pilot  than  it  is  to  the  airplane  pilot. 
Helicopter  performance  is  reduced  because  the  thinner  air  at  high  density 
altitudes  reduces  the  amount  of  lift  of  the  rotor  blades. 
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III.  SELECTION  OF  METRICS 


A.  COASTS  2006  MEASURES  OF  EFFECTIVENESS  (MOE)  AND 

MEASURES  OF  PERFORMANCE  (MOP) 

In  order  to  make  logical  decisions  and  choices  in  network  development, 
criteria  to  measure  the  value  or  relative  importance  of  aspects  of  the  network  is 
required.  This  is  an  essential  pre-requisite  for  system  analysis  and  predictive 
study.  Both  the  client  (customer  /  user)  and  network  designer  have  such 
measures,  and  these  measures  are  related.  MOE  represent  the  user  view, 
usually  annotated  and  of  qualitative  nature.  They  describe  the  customers’ 
expectations  of  functional  performance  and  should  be  viewed  as  the  voice  of  the 
user. 

MOP  are  the  corresponding  view  of  the  designer;  a  technical  specification 
for  a  product.  Typically  MOP  are  quantitative  and  consist  of  a  range  of  values 
about  a  desired  point.  These  values  are  what  a  designer  targets  when  designing 
the  network,  by  changing  components,  protocols  and  infrastructure  locations,  so 
as  to  finally  achieve  the  qualities  desired  by  the  user.  Both  the  MOE  and  the 
MOP  can  be  constructed  as  a  hierarchy  diagram.  Each  horizontal  level  of  the 
hierarch  represents  100%  of  the  effectiveness  or  performance.  COASTS  MOE 
and  MOP  were  evaluated  by  the  Data  Collections  team  to  most  efficiently  gather 
and  analyze  the  data  associated  with  each  measure.  In  the  following  hierarchy 
diagrams,  each  node  is  identified  and  MOE  and  MOP  are  listed  in  an  attempt  to 
specifically  communicate  each  node’s  data  collection  needs. 

B.  802.11  ACCESS  POINT 

The  MOE  in  the  COASTS  2006  experiment  were  utilized  to  select,  based 
on  market  research,  a  wireless  mesh  infrastructure  that  met  or  exceeded  a  list  of 


COASTS  2006  CONOR,  p.  29. 
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six  specific  MOE  (see  Figure  10).  The  COTS  solution  selected,  ultimately  the 
MeshDynamics  MD4000  series,  met  or  exceeded  each  MOE  which  was  reflected 
in  an  overall  MOE  score  of  1 .0. 


Measures  of  Effectiveness 


802.11  Network 


Support  marine 

0.5  ^ 

Mobile  marine 
platforms  to  12  knots 

Mobile  and  based 
platforms  In  dense 
vegetation 

0.3  ^ 

and  land  platforms 

0.5  ^ 

100%  seamless 
Coverage  for 
designated  area 

No  break  in  service  when 
traversing  AOR 

025^ 

Support  voice, 
video  and  data 

Real-time 

0.25  ^ 

1.0  ^ 

Easily  configurable 

hv 

Max  one  day  to 
train  personnel  for  setup 

0.1  ^ 

1.0 

Immediately  available 
for  purchase 

100%  COTS  solution 

0.1 

1.0 

0.15 


0.15 

0.25 


0.25 

0.1 


0.1 


Sum  1.0 


Sum  1.0 


Figure  10  802.1 1  Measures  of  Effectiveness  (From:  COASTS  2006  CONORS) 


The  evaluation  of  network  performance  is  not  a  straight  forward  endeavor. 
The  type  of  data  to  be  passed  over  the  network  and  the  implementation  of  the 
network  both  drive,  and  in  some  cases  with  competing  interests,  the  evaluation  of 
a  network’s  effectiveness. 
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After  considering  the  protocols  to  be  employed  on  the  802.1 1  network,  the 
types  of  data  to  be  passed,  and  the  geographical  spread  of  the  network  to  be 
evaluated,  the  data  collections  team  and  the  network  team  concluded  that  the 
key  measures  to  collect  and  analyze  were  throughput,  latency,  and  quality  of 
signal  (QoS),  (see  Figure  1 1  below) 

Upon  further  investigation,  the  MD  4000  series  structured  mesh  utilized 
software  to  optimize  signal  quality  based  on  signal  strength  and  acknowledgment 
timing.  Due  to  this  intelligent  optimization  performed  by  the  MD  hardware,  QoS 
was  dropped  as  an  observed  MQP  as  it  remained  well  above  the  desired 
threshold  throughout  initial  testing.  Latency  was  also  observed  to  be  well  above 
desired  thresholds  as  well,  however,  research  within  the  experiment  required  that 
latency  data  be  collected  analyzed. 


Measures  of  Performance  Measurement  Method 


Figure  1 1  802.1 1  Measures  of  Performance  (From:  COASTS  2006  CONOPS). 

1.  Throughput 

For  packet-switched  networks,  throughput  is  the  rate  at  which  a  computer 
or  network  sends  or  receives  data.  It  is  therefore  a  good  measure  of  the  channel 
capacity  of  a  communications  link,  and  connections  to  the  internet  are  usually 
rated  in  terms  of  their  bit  rate,  how  many  bits  /  bytes  they  transmit  per  second 
(bit/s). 

However,  throughput  is  a  poor  measurement  of  perceived  speed,  which  is 
mostly  based  on  the  speed  of  requests  made  or  responsiveness.  As  such, 
responsiveness  has  far  less  to  do  with  throughput  than  latency.  To  illustrate  this, 
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consider  a  truck  full  of  magnetic  tape  en  route  from  California  to  New  York.  The 
time  or  latency  it  takes  to  deliver  the  data  may  be  several  days,  but  the  amount 
or  throughput  of  data  delivered  will  exceed  the  throughput  of  a  broadband 
connection.  In  contrast,  the  broadband  connection,  which  has  a  throughput  many 
times  less  than  that  of  the  truck,  has  a  relatively  low  latency  and  can  deliver 
smaller  amounts  of  data  much  faster. For  a  user  wishing  to  view  streaming 
video  at  a  at  a  palatable  frame  rate  (>16  fps),  or  a  pair  of  persons  carrying  on  a 
VoIP  conversation  (no  voice  delay),  low  latency  is  essential  for  coherent 
communication.  However,  in  both  of  these  cases,  it  is  also  essential  for  the 
throughput  to  be  adequate  to  pass  data  at  a  rate  which  prevents  the  packets 
from  “piling  up”  at  either  end  of  the  transmission. 

Normally  throughput  and  latency  are  opposed  goals.  To  improve  latency 
one  generally  desires  to  increase  how  much  the  computer  checks  to  see  if  one  is 
trying  to  interact.  This  checking  overhead  slows  down  data  transfer.  However, 
there  is  one  very  common  exception  to  this  rule.  Network  protocols  and  programs 
tend  to  synchronize  both  ends  regularly.  If  these  synchronizations  are  slow,  then 
throughput  can  suffer  tremendously.''^ 

2.  Latency 

Latency  in  a  packet-switched  network  is  measured  either  one-way  (the 
time  from  the  source  sending  a  packet  to  the  destination  receiving  it),  or  round- 
trip  (the  one-way  latency  from  source  to  destination  plus  the  one-way  latency 
from  the  destination  back  to  the  source).  Round-trip  latency  is  more  often  quoted, 
because  it  can  be  measured  from  a  single  point.  Note  that  round  trip  latency 
excludes  the  amount  of  time  that  a  destination  system  spends  processing  the 
packet.  Many  software  platforms  provide  a  service  called  ping  that  can  be  used 


Wikipedia,  <http://en.wikipedia.org/wiki/Throughput>,  (19  July  2006). 
Ibid. 
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to  measure  round-trip  latency.  Ping  performs  no  packet  processing;  it  merely 
sends  a  response  back  when  it  receives  a  packet  (i.e.,  performs  a  no-op),  thus  it 
is  a  relatively  accurate  way  of  measuring  latency. 

Where  precision  is  important,  one-way  latency  for  a  link  can  be  more 
strictly  defined  as  the  time  from  the  start  of  packet  transmission  to  the  start  of 
packet  reception.  The  time  from  the  start  of  packet  reception  to  the  end  of  packet 
reception  is  measured  separately  and  called  "transmission  delay.”  This  definition 
of  latency  is  independent  of  the  link's  throughput  and  the  size  of  the  packet,  and 
is  the  absolute  minimum  delay  possible  with  that  link. 

However,  in  a  non-trivial  network  such  as  that  being  tested,  a  typical 
packet  will  be  forwarded  over  many  links  via  many  gateways,  each  of  which  will 
not  begin  to  forward  the  packet  until  it  has  been  completely  received.  In  such  a 
network,  the  minimal  latency  is  the  sum  of  the  minimum  latency  of  each  link,  plus 
the  transmission  delay  of  each  link  except  the  final  one,  plus  the  forwarding 
latency  of  each  gateway.20 

Latency  on  the  COASTS  2006  802.11  network  was  collected  and 
recorded  via  Ixia’s  IxChariot  console. 

C.  ENVIRONMENTAL  OBSERVATIONS 

One  of  the  inherent  strengths  of  the  COASTS  2006  experiment  is  its  ability 
to  carryout  experiments  in  a  wide  array  of  climatic  conditions.  From  the  dry  cold 
environment  of  Fort  Hunter-Liggett,  CA  in  December,  to  the  hot  and  humid 
conditions  of  northern  Thailand  in  March,  the  project  was  able  to  observe  and 
gather  data  on  the  deployed  network  in  each  of  these  conditions  and  many 
variations  in  between.  The  items  described  in  this  section  would  more  aptly  be 
described  as  metrics  rather  than  measures  of  effective  or  performance  as  there 
are  no  threshold  values  that  we  associate  a  positive  or  negative  outcome  with. 


20  Wikipedia,  <http://en.wikipedia.org/wiki/Network_Latency>,  (19  July  2006). 
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On  the  contrary,  these  measures  associated  with  environmental  factors 
contribute  to  the  body  of  data  that  will  undergo  analysis  used  to  discover 
potential  correlations  between  the  MOP  and  the  environment. 

These  measures  include: 

•  Temperature 

•  Barometric  Pressure 

•  Relative  Humidity 

•  Wind  velocity 

These  measures  will  be  input  into  equations  that  will  produce  barometric 
altitude,  and  density  altitude.  Each  of  these  measurements,  and  the  resultant 
altitude  calculations  are  collected  and  logged  in  the  Kestrel  Hand  held  weather 
station. 
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IV.  UAV  SURROGATE  TEST  PLATFORM  CONSTRUCTION 

METHODOLOGY 


A.  INTRODUCTION 

In  evaluating  the  construction  of  the  UAV  Surrogate  test  platform,  the 
author  endeavors  to  accomplish  two  goals: 

1.  Test  and  evaluate  the  functionality  of  a  VTOL  UAV  as  a  wireless 
network  extension  platform. 

2.  Gain  insight  into  the  potential  systematic  queues  of  AIED 
construction,  operation,  and  control. 

For  the  scope  of  this  project,  a  UAV  Surrogate  was  constructed  that  was 
capable  of  employing  an  autonomous  flight  package  (AFP)  but  was  tested 
utilizing  remote  control.  The  choice  to  pursue  a  remotely  piloted  air  frame,  vice 
autonomous  control  for  this  research,  stemmed  from  two  distinct  complications. 

Primarily,  the  implementation  of  an  autonomous  flight  package  in  a 
helicopter,  while  possible,  is  by  no  means  trivial.  Commercial  hardware  and 
open  source  software  do  exist  which  make  autonomous  helicopter  flight 
achievable,  however  the  integration  of  this  technology  presented  a  broadening  of 
the  scope  of  this  project  which  presented  an  untenable  outcome.  The  capability 
of  the  airframe  to  support  the  weight  of  the  package  was  addressed,  and  the  AFP 
implementation  time  and  skills  were  estimated  and  included  in  the  systematic 
evaluation  to  target  AIED  construction. 

Secondarily,  the  ability  to  operate  an  autonomous  airframe  is  very  tightly 
regulated  by  the  Federal  Aviation  Administration  (FAA).  For  instance,  outside  of 
Restricted  Airspace,  the  flight  team  must  obtain  a  Certificate  of  Authorization 
(COA)  from  the  FAA  for  UAV  operation  in  US  national  airspace.  The  criteria  to  be 
used  by  Department  of  Defense  UAV  proponents  are  contained  in  FAA  Order 
7610.4,  Special  Military  Operations,  Ch.  12,  Sect.  9.  This  Order  suggests  that 
DoD  proponents  submit  an  "Application  for  COA"  to  the  appropriate  FAA 
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Region's  Air  Traffic  Division  (ATD)  at  least  60  days  prior  to  the  beginning  date  of 
the  planned  UAV  flight  operation.  The  application  must  include: 

(1)  a  detailed  description  of  the  proposed  UAV  operation,  including  the 
classes  of  airspace  required 

(2)  the  UAV's  physical  characteristics  and  operational  capabilities  (e.g., 
cruise  speed,  climb/descent  rate) 

(3)  method  used  to  control  the  UAV  (remote  or  autonomous) 

(4)  method  used  to  avoid  other  aircraft 

(5)  coordination  and  communication  procedures 

(6)  contingency  plans 

(7)  a  statement  of  airworthiness 

Upon  approval  and  issuance,  the  COA  may  impose  additional  conditions 
for  flight  conduct. 

For  instance,  a  Notice  to  Airmen  may  need  to  be  broadcast  prior  to  flight  in 
order  to  warn  other  pilots  in  the  area  of  UAV  activities.  Also,  a  direct 
communications  link,  either  telephonic  or  personal,  is  typically  maintained 
between  the  FAA  and  the  UAV  mission  manager.2i 

An  FAA  approved  COA  was  required  for  each  period  that  the  UAV  was  to 
be  operated  outside  of  restricted  airspace,  additionally,  each  modification  to  the 
airframe  or  autonomous  flight  hardware  or  software  required  an  updated 
statement  of  airworthiness  to  be  approved  by  an  FAA  examiner.  The  coupled 
lead  times  for  the  approved  statement  of  airworthiness  and  COA  were  projected 
to  exceed  18  months  for  each  experimental  flight. 

Facing  these  two  complicating  factors,  a  remotely  operated  airframe  was 
pursued  as  a  platform  for  both  a  wireless  mesh  extension  platform,  and  a 
platform  which  could  support  an  autonomous  flight  package. 


21  UAV  Collaborative,  <http://www.uav-applications.org/services/airspace.html>,  (29  April 
2006). 
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B.  AIRFRAME 


The  Mikado  Logo  24  airframe  was  constructed  and  tested,  and  a  detailed 
log  of  the  time,  materials,  skill  used,  and  any  outside  skill  utilized  was  recorded 
(See  Appendix  H).  These  line  items  were  then  analyzed  to  gain  insight  into 
potential  systematic  points  of  interdiction.  The  construction  processes  followed 
were  those  provided  by  the  manufacturer  of  the  airframe  kit  (See 


Figure  12  Mikado  Logo  24  RC  Helicopter  in  Flight,  Mai  Ngat  Thailand. 


C.  PAYLOAD 

The  WiFi  access  point  selected  was  a  MeshDynamics  4000  series  Access 
Point  (See  0).  Because  the  protective  housing  surrounding  the  very  light  circuit 
boards  weighed  1005  grams  (See  Figure  13),  the  board  was  removed  and 
placed  within  a  plastic  enclosure  (See  Figure  14)  this  reduced  the  payload  weight 
by  975  grams. 
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Figure  13  MeshDynamics  4000  Series  Access  Point  (From:  Lounsbury). 


Figure  14  MeshDynamics  4000  Series  Access  Point  in  Plastic  Housing. 

The  removal  of  the  circuit  board  from  the  protective  housing  exposed  the 
payload  to  potential  shock  and  environmental  hazards.  The  environmental 
hazards  were  mitigated  by  not  flying  the  airframe  when  visible  moisture  was 
present  in  the  JOA.  This  procedure  also  mitigated  damage  to  the  airframe  as  it 
was  not  designed  to  be  flown  in  adverse  weather. 

D.  BATTERIES 

Several  different  power  sources  are  required  to  operate  the  RC  helicopter 
and  payload.  These  batteries  were  selected  to  maximize  power  density  and 
minimize  weight.  The  heaviest  and  most  powerful  drove  the  BLDC  motor. 
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The  helicopter  main  propulsion  unit  requires  two  14.4v  LiPo  Batteries  (See 
Figure  15)  to  drive  the  main  and  tail  rotors.  Total  weight  was  756  g. 


Figure  15  14.8v  4200  mAh  LiPo  Battery  Pack  (From:  www.thunderpower.com). 

The  receiver  requires  a  4.8v  NiMH  or  NiCd  battery  pack  to  power  itself, 
the  4  servos  and  the  heading  Gyro;  weight  100  g. 


Figure  16  4.8v  NiCd  Receiver  Battery  (From:  www.futaba.com). 

E.  ANTENNAS 

Due  to  the  continuously  varying  aspect  between  the  surrogate  UAV  and 
linking  client  on  the  ground,  it  was  important  to  select  antennas  with  multi  polar 
360°  RF  coverage.  Three  antennas  were  needed  for  the  MD4325  WAP,  one  for 
the  uplink,  one  for  the  backhaul,  and  one  for  the  client  antennas.  Because  of  the 
triplicate  redundancy,  it  was  vital  that  a  light  weight  antenna  with  these 
characteristics  be  identified. 

The  antenna  that  was  decided  upon  was  a  3dB  Multi  polar  Omni 
directional  antenna  from  Wifi-Plus.  The  MP-BULLET  2.4/5.X  (See  MP-BULLET 
2.4/5.X  Multi  Polar  Omni  Directional  Antenna)  provides  360°  vertical  and 
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horizontal  coverage  and  weighs  only  100g.  These  antennas  were  installed 
directly  to  the  plastic  housing  containing  the  WAP. 


Figure  17  MP-BULLET  2.4/5.X  Multi  Polar  Omni  Directional  Antenna. 


F.  AUTONOMOUS  FLIGHT  PACKAGE 

As  discussed  in  paragraph  A.  above,  an  autonomous  flight  package  was 
not  implemented  into  this  airframe,  however,  a  flight  package  was  selected  to 
evaluate  the  both  the  impacts  of  the  build  process  and  the  capacity  of  the 
airframe  to  support  the  additional  weight.  The  package  selected  for  investigation 
was  the  Crossbow  MNAV  100CA. 


Figure  18  MNAV100CA  Navigation  and  Servo  Control  Board  (From: 

Crossbow). 
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The  MNAV100CA  is  a  calibrated  digital  sensor  and  servo  control  system 
designed  for  use  in  Radio  Control  (R/C)  vehicles.  The  onboard  sensor  package 
includes  accelerometers,  angular  rate  sensors,  and  magnetometers  for  use  in 
inner  loop  control  applications  as  well  as  static  pressure  (altitude)  and  dynamic 
pressure  (airspeed)  sensors  for  use  in  airborne  robotics.  A  GPS  sensor  is  also 
included  for  both  path  planning  and  navigation. 

The  MNAVIOOCA’s  comprehensive  onboard  servo  control  solution 
includes  both  R/C  servo  control  hardware  and  an  R/C  receiver  Pulse  Position 
Modulation  (PPM)  interface.  R/C  servo  hardware  provides  users  with  software 
based  control  of  up  to  nine  separate  servos  while  the  PPM  interface  enables 
software  interpretation  of  R/C  receiver  commands  thereby  offering  users  both 
automated  software  control  as  well  as  manual  “takeover”  capability. 

Output  data  are  provided  in  a  digital  (RS-232)  format.  Each  MNAV100CA 
system  comes  with  a  GPS  antenna,  interface  cables  and  User’s  Manual 
Crossbow’s  MICRO-VIEW  software  is  also  included  to  assist  users  with  sensor 
calibration,  servo  control,  data  collection  and  overall  system  development. 

When  connected  to  Crossbow’s  Stargate  Processor  Board  (SPB400)  (See 
Figure  19),  via  the  standard  51 -pin  connector,  the  MNAV100CA  combines  with 
the  SPB400  to  form  a  sophisticated  open-source  robotics  platform.  This 
comprehensive  robotics  solution  offers  users  a  flexible  development  platform  for 
state  estimation,  WiFi  telemetry  command  uplink/downlink  and  closed  loop 
navigation  and  control.  Payload  sensors  (e.g.,  USB  image  sensor)  can  also  be 
connected  and  processed  by  the  Stargate  to  support  intelligent  robotics 

applications. 22 


22  UAV  Collaborative,  <http://www.uav-applications.org/services/airspace.html>,  (29  April 
2006). 
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Figure  19  MNAV  integrated  with  Complete  Robotics  Hardware  (From: 

Crossbow), 


This  autonomous  flight  system  integration  was  evaluated  and  entered  into 
the  work  log  with  estimations  of  time,  materials,  skill  used,  and  any  outside  skill 
utilized  to  help  determine  the  systematic  development  of  an  AIED. 
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V.  EXPERIMENTATION  METHODOLOGY 


A.  802.11  TESTING 

In  evaluating  hardware  adhering  to  the  802.11  IEEE  standard,  it  is 
essential  that  a  formal  well  defined  testing  procedure  be  identified  and  adhered 
to  for  the  duration  of  the  test.  While  COASTS  2005  utilized  a  specific  testing 
technique,  its  observations  yielded  mostly  qualitative  categorical  results  which 
presented  analytical  difficulties.  The  COASTS  2006  experiment  endeavored  to 
carryout  its  testing  plan  in  a  purely  quantitative  manner.  This  change  of  practice 
presented  a  dilemma;  develop  a  testing  method  from  the  ground  up  or  utilize  a 
well  established  testing  regimen. 

While  developing  an  in-house  testing  plan  from  the  ground  up  was  initially 
attractive,  because  it  offered  a  great  deal  of  flexibility,  it  quickly  became  apparent 
that  utilizing  a  proven  industry  standard  network  evaluation  plan  would  provide  a 
highly  cohesive  and  recognizable  data  set.  This  result  was  encouraged  by  both 
COASTS  2006  industry  partners,  who  pointed  the  research  team  in  this  direction, 
and  DoD  partners  who  were  already  utilizing  industry  standard  test  procedures  in 
their  own  evaluations. 

The  COASTS  2006  Data  Collections  team,  lead  by  the  author,  selected 
the  Atheros®  Communications  Methodology  for  Testing  Wireless  LAN 
Performance  as  the  model.  The  following  discussion  is  the  background 
discussion  from  the  Atheros  white  paper,  and  the  adjusted  methodology  that 
COASTS  2006  used  to  address  its  testing  objectives.  The  white  paper  in  its 
entirety  can  be  found  in  Appendix  C. 

1.  Introduction 

Whether  evaluating  the  performance  of  wireless  LANs  in  an  informal  way 

or  through  precise  benchmarking  procedures,  the  first  step  is  to  understand  the 

factors  involved.  The  ease  of  setting  up  and  using  WLANs  makes  it  easy  to 

overlook  many  crucial  factors  and  their  resulting  performance  variations.  These 
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performance  variations  can  be  extreme,  however,  and  they  make  a  dramatic 
difference  in  the  cost,  security  and  viability  of  a  wireless  network. 

2.  An  Overview  of  Throughput  and  Coverage  Factors 

A  WLAN  generally  consists  of  an  access  point  (AP)  that  connects  to  a 
wired  network  and  remote  devices  (client)  that  connect  to  the  access  point 
through  wireless  (radio)  links.  Throughput  is  defined  as  the  speed  with  which  a 
user  can  send  and  receive  data  between  a  remote  device  and  the  access  point. 
Throughput  varies  across  the  WLAN's  coverage  area.  This  section  profiles  the 
main  factors  that  determine  WLAN  throughput  and  coverage. 

a.  802. 1 1  Protocol 

The  IEEE  802.11  standard  defines  various  physical-layer  rates  for 
different  types  of  WLANs,  such  as  1,  2,  5.5  and  11  Mbps  for  802.11b  and 
802.1 1g.  Rates  for  802.1  la  and  802.1 1g  include  6,  9,  12,  18,  24,  36,  48  and  54 
Mbps.  The  user  throughput  is  less  than  these  link  rates  for  several  reasons: 

•  Each  packet  includes  additional  data,  such  as  preambles,  headers 
(MAC,  IP,  TCP,  etc.)  and  checksums. 

•  When  every  directed  (unicast)  packet  is  received,  the  receiver 
transmits  a  short  acknowledge  packet  back  to  the  sender. 

•  Transmitters  wait  for  short  random  times  between  packets  to  allow 
other  users  to  contend  for  and  share  the  channel.  Given  these 
reasons,  the  theoretical  maximum  user-level  performance  for  the 
various  802.11  systems  is  presented  in  Table  1. 


Number  of 

Modulation 

Maximum 

Maximum 

Maximum 

Channels 

Link  Rate 

TCP  Rate 

UDP  Rate 

802.11b 

3 

CCK 

11  Mbps 

5.9  Mbps 

7.1  Mbps 

802.1 1g  (with  .11b) 

3 

OFDM/CCK 

54  Mbps 

14.4  Mbps 

19.5  Mbps 

802.1 1g  (with  .1 1g  only 

Mode) 

3 

OFDM/CCK 

54  Mbps 

24.4  Mbps 

30.5  Mbps 

Table  1  Theoretical  Maximum  User-Level  Performance  for  the  Various  802.1 1 

Systems  (From:  Antheros). 
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Table  1  assumes  1500-byte  packets,  encryption  enabled,  default 
802.11  MAC  configurations,  zero  packet  errors,  and  maximum  available  channel 
bandwidth  (that  is,  operating  at  close  range).  Note  that  some  802.11 
implementations  use  tricks  such  as  reducing  backoff  times  between  packets  to 
improve  throughput  performance.  Such  tricks  can  result  in  interoperability 
problems  with  other  vendors'  systems. 

Table  1  also  shows  two  rates  for  802.1 1g  to  account  for  the  lower 
rates  in  802.11b  compatibility  mode.  The  throughput  of  an  802.1 1g  WLAN 
decreases  significantly  in  802.11b  compatibility  mode  because  every  802.1 1g 
(OFDM)  packet  needs  to  be  preceded  by  a  CTS  packet  exchange  recognizable 
by  legacy  802.11b  devices.  With  no  802.11b  devices  connected,  an  802.1 1g 
network  can  operate  in  llg-only  mode  and  should  achieve  the  standard 
throughput  of  802.11a.  The  current  802.1 1g  draft  standard  also  provides  for  a 
slower  RTS/CTS  header  (instead  of  CTS-only)  when  in  802.11b  compatibility 
mode,  which  will  further  reduce  the  14.4  Mbps  TCP/IP  rate  to  1 1 .8  Mbps. 

There  are  therefore  two  choices  with  802.1 1g  networks:  High  rates 
comparable  with  those  of  802.11a  networks  can  be  achieved,  or  have  802.11b 
compatibility.  Both  cannot  occur  concurrently.  Since  the  key  feature  of  802.1 1g  is 
backward  compatibility  with  802.11b,  throughput  tests  should  be  done  with  an 
802.11b  client  device  connected  to  the  access  point  but  otherwise  idle.  This 
setup  ensures  that  the  802.1 1g  network  is  operating  in  an  802.11b  compatible 
mode. 

In  the  COASTS  2006  experiment,  great  care  was  taken  to  ensure 
that  no  .1 1b  clients  were  associated  with  the  wireless  mesh.  The  MeshDynamics 
APs  were  also  set  to  .11g  only  mode.  These  precautions  ensured  that  the 
network  operated  in  .11g  only  mode  thereby  enabling  the  network  to  take 
advantage  of  the  higher  Link,  TCP,  and  UDP  rates  listed  in  Table  1. 
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b. 


The  Radio  Environment 


Several  issues  affect  the  way  the  radio  signal  travels  from  one 
device  to  another: 

Radio  energy  attenuates  when  it  propagates.  As  radio  waves 
propagate  outwards  spherically,  the  energy  spreads  over  an  ever-increasing 
area.  In  free  space,  doubling  the  distance  decreases  the  received  power  by  a 

1 

factor  of  4 — the  so-called  ^  behavior.  Radio  signals  also  attenuate  when  they 

r 

pass  near  or  through  objects  such  as  floors,  walls,  furniture  and  people.  The 
attenuation  increases  with  the  object's  conductivity  (due  to  metal  or  water 
content,  for  example).  The  combination  of  these  two  attenuation  effects  reduces 

1  1  1 

radio  signal  strength  by  —  to  —,  or  even  — . 

o  A"  ^ 

Antenna  designs  affect  how  much  radio-frequency  (RF)  energy  is 
transmitted  or  received  and  where  it  is  directed. 

Scattering  and  multi-path  cause  fading  effects.  Signal  strength  can 
change  rapidly  as  a  function  of  location  because  the  received  signal  is  the  sum  of 
potentially  numerous  signals  scattered  from  nearby  objects.  As  the  transmitter  or 
other  objects  in  the  environment  move,  the  scattered  signals  sometimes  add 
together  and  sometimes  cancel  each  other.  Fading  can  change  significantly  over 
distances  of  a  wavelength  or  so  (12.5cm  at  2.4  GHz  and  6  cm  at  5  GHz).  Fading 
also  occurs  over  time  as  well  as  location.  Even  small  changes  in  the  environment 
(for  example,  people  or  other  objects  moving)  can  affect  the  fading  pattern.  This 
means  that  the  received  signal  strength  can  also  change  quite  quickly  over  time, 
even  when  the  receiver  and  transmitter  are  fixed. 

Scattering  and  multi-path  results  in  delay  spread.  The  received 
signal  might  contain  several  slightly  delayed  copies  of  the  transmitted  signal,  as 
the  scattered  signals  travel  via  different  physical  paths  of  different  lengths. 
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other  devices  occupying  the  same  or  nearby  channels  cause 
interference.  For  example,  the  2.4  GHz  spectrum  might  be  occupied  by  Bluetooth 
devices,  microwave  ovens,  and  cordless  telephones. 

c.  Frequency 

A  common  misconception  is  that  free-space  propagation  depends 
upon  frequency,  so  higher  frequencies  are  assumed  to  propagate  less  well  than 
lower  frequencies.  As  a  good  counter  example  to  this  misconception,  consider 
visible  light,  which  is  simply  an  ultra-high  frequency  electromagnetic  wave  that 
propagates  perfectly  well  across  large  distances. 

Alternately,  effects  such  as  antenna  efficiency,  RF  component 
performance,  and  absorption  through  and  scattering  around  objects  do  depend 
upon  frequency.  Here  are  some  of  the  frequency-dependent  effects: 

Generally,  antennae  of  the  same  physical  size  tend  to  become 
more  directional  (have  higher  gain  in  some  directions  and  less  in  others)  as  the 
frequency  increases.  Advantage:  5  GHz. 

Absorption  due  to  propagation  through  objects  tends  to  increase 
with  frequency.  Advantage:  2.4  GHz. 

Scattering  around  objects  might  have  a  positive  or  negative  effect 
on  signal  strength  as  a  function  of  frequency,  depending  upon  the  relative  sizes 
and  locations  of  the  objects.  Advantage:  Neutral. 

Noise  and  spurs  generated  by  nearby  electronics  (for  example, 
inside  the  AP  or  PC  laptop)  in  addition  to  co-channel  interference,  such  as 
Bluetooth  devices,  cordless  phones  and  microwave  ovens,  will  degrade  2.4  GHz 
sensitivity  more  than  5  GHz.  Advantage:  5  GHz. 

Cable  loss  increases  with  frequency,  so  antenna  cables  (if  present) 
in  the  AP  or  laptop  will  have  more  loss  at  high  frequency,  unless  more  expensive 
cables  are  used.  Advantage:  2.4  GHz. 
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In  more  open  environments,  there  will  be  little  difference  between 
2.4  GHz  and  5  GHz  propagation.  For  example,  measurements  of  2.4  GHz  and  5 
GHz  propagation  done  by  WJ  Communications  in  two  indoor  environments  show 
little  difference  between  2.4  GHz  and  5  GHz  propagation.23 

Typically,  the  OFDM  modes  of  2.4  GHz  802. 11  g  networks  will  have 
slightly  less  coverage  than  2.4  GHz  802.11b  networks.  Depending  upon  the 
propagation  environment,  the  coverage  of  5  GHz  802.11a  networks  might  be 
similar  to,  or  in  some  cases  less  than,  that  of  802.1 1g  networks.  The  differences 
between  2.4  and  5  GHz  propagation  are  generally  insignificant  compared  to  the 
differences  between  one  vendor's  equipment  and  another's,  however.  An 
802.11a  product  from  one  vendor  might  have  better  coverage  than  an  802.1 1g 
product  from  another  vendor. 

d.  Fresnel  Zone 

The  concept  of  a  Fresnel  zone  may  be  used  to  analyze  interference 
by  obstacles  near  the  path  of  a  radio  beam.  The  first  zone  must  be  kept  largely 
free  from  obstructions  to  avoid  interfering  with  the  radio  reception.  However, 
some  obstruction  of  the  Fresnel  zones  can  often  be  tolerated,  as  a  rule  of  thumb 
the  maximum  obstruction  allowable  is  40%,  but  the  recommended  obstruction  is 
20%  or  less.24  This  concept  is  depicted  in  Figure  20  below. 


Location  A 


Figure  20  Fresnel  Zone  (From:  www.uninett.no). 

23  WJ  Communications,  Inc.,  <http://www.watkins- 
johnson.com/pdf/techpubs/lndoor_prop_and_80211. pdf>,  (3  January  2006). 

24  Wikipedia,  Fresnel  zone,  http://en.wikipedia.org/wiki/Fresnel_zone,  (11  May  2006). 
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In  the  COASTS  2006  experiment,  care  was  taken  to  ensure  that  the 


individual  nodes  were  kept  above  the  fist  Fresnel  zone  to  prevent  signal 
obstruction  between  the  nodes  being  evaluated. 


For  establishing  Fresnel  zones,  the  RF  Line  of  Sight  (RF  LoS)  must 


first  be  determined,  which  in  simple  terms  is  a  straight  line  between  the 
transmitting  and  receiving  antennas.  The  height  of  the  first  Fresnel  zone  can  be 
calculated  by  utilizing  the  following  equation. 


r  =  radius  (ft) 

D  =  Distance  from  antenna  (mi) 
f  =  frequency  in  GHz 


Figure  21  Fresnel  Zone  Radius  Equation  (From:  www.uninett.no). 

Initial  tests  determined  that  node  to  node  spacing  limits  were 
approximately  1.0  mi  apart.  Substituting  0.5  miles  for  D  (1/2  the  distance 
between  nodes)  and  2.4  for  f  into  Figure  21  above  yields  16.4  feet  (See  Figure 
22).  The  antenna  node  heights  of  16  ft  (See  Figure  23)  were  selected  to  place 
the  antenna  well  above  the  80%  RF  LoS  zone. 


Fresnel  Radius  vs  Distance  (2.4  GHz) 
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Figure  22  Fresnel  Radius  vs  Distance  (2.4  GHz). 
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Figure  23  Root  Node  Placement  Above  the  First  Fresnel  Zone.  (From:  Russo). 

e.  Vendor  Interoperability 

Products  that  undergo  Wi-Fi  certification  are  certified  to 
interoperate  with  a  wide  variety  of  vendors'  products.  However,  these  tests 
mainly  verify  basic  connectivity  and  do  not  enforce  stringent  throughput 
requirements.  A  client  device  may  be  able  to  be  connected  to  a  different  vendor's 
access  point,  but  high  throughput  may  not  be  experienced.  Products  that  provide 
good  performance  (throughput,  coverage,  etc.)  when  connected  to  a  variety  of 
different  vendor's  devices  are  clearly  more  desirable. 

f.  Security 

Security  includes  encryption  and  authentication.  Encryption 
protects  WLAN  traffic  from  eavesdropping  and  other  attacks  such  as  replay  or 
man-in-the-middle  attacks.  Authentication  validates  the  users'  credentials 
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(ensuring  that  the  user  is  who  they  say  they  are)  and  also  possibly  validates  the 
network's  credentials  (ensuring  that  the  network  is  what  it  says  it  is,  and  not 
someone  masquerading  as  the  network). 

WLAN  security  standards  have  progressed  from  WEP  to  TKIP  and 
WPA  and  now  to  AES  (the  Advanced  Encryption  Standard),  with  significant 
security  enhancements  at  each  stage.  No  matter  what  security  standard  is 
involved,  the  way  the  standard  is  implemented  can  affect  the  WLAN's 
performance.  Specifically,  some  vendors  implement  encryption  in  software, 
which  can  dramatically  reduce  throughput  compared  to  advertised  rates.  When 
evaluating  performance,  it  is  vital  to  measure  throughput  with  encryption  enabled. 

3.  Measuring  Throughput  and  Coverage 

The  throughput  of  WLANs  depends  heavily  on  the  environment,  including 
the  distance  between  the  client  and  the  access  point.  The  throughput  generally 
falls  off  as  distance  increases,  but  factors  such  as  obstructions  (like  furniture, 
people,  or  walls  of  different  construction)  also  have  a  significant  effect. 
Throughput  does  not  depend  upon  distance  alone.  It  is  possible  to  have  distant 
test  locations  that  produce  higher  data  rates  than  closer  locations.  Moreover,  the 
peak  data  rate  measured  at  short  distances  is  not  the  most  important  factor  in  the 
user's  experience.  Rather,  the  rate  the  user  experiences  at  a  variety  of  distances 
and  locations  is  a  very  important  factor.  Therefore,  it  is  critical  to  measure  WLAN 
throughput  at  a  variety  of  locations,  including  some  far  from  the  access  point. 

WLAN  environments  generally  fall  into  three  categories: 

Outdoor:  typically  a  direct  line  of  sight  between  the  access  point  and 
client.  Examples  include  outdoor  campus  coverage,  public  areas,  or  even  inside 
large,  open  buildings  such  as  airport  concourses  or  convention  halls. 

Open  office:  no  longer  a  direct  line  of  sight  between  the  access  point  and 
client,  but  typically  at  most  two-to-three  obstructions  such  as  walls.  Examples  are 
warehouses  or  offices  containing  cubicles,  lobbies  and  meeting  areas. 
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Closed  office:  no  direct  line  of  sight,  with  many  obstructions  between  the 
access  point  and  the  client.  Examples  are  buildings  with  regular  offices  and  many 
walls. 

Each  iterative  test  sequence  in  the  COASTS  2006  experiment  was 
performed  in  an  outdoor  environment.  Atmospheric  conditions  were  observed 
and  recorded  in  an  attempt  to  model  the  effects  of  varying  atmospheric 
conditions  on  802.1 1  network  performance.25 

WLAN  coverage  differs  significantly  in  these  different  environments. 
Outdoor  WLANs  provide  the  longest  ranges  and  closed-office  WLANs  the 
shortest.  Different  construction  techniques  also  have  a  significant  impact  on 
coverage  and  throughput.  For  instance,  concrete  walls  attenuate  signals  more 
than  stud  walls  with  sheet  rock.  In  general,  the  relative  performance  and 
throughput  for  different  products  under  test  should  be  similar  across  the  different 
environments.  So  if  Vendor  #Ts  product  is  significantly  better  than  Vendor  #2's  in 
an  open-office  environment,  it  is  highly  likely  (although  not  guaranteed)  that  it  will 
be  significantly  better  in  other  environments.  It  is  possible  (although  more  time 
consuming)  to  test  products  across  several  different  environments  to  accurately 
determine  the  relative  performance. 

IxChariot  from  Ixia  was  used  to  measure  the  throughput  the  user  will 
experience.  Typically  IxChariot  is  used  to  measure  TCP  throughput  in  megabits 
per  second  (Mbps)  in  either  the  uplink  direction  (for  example,  upload  from  the 
client  to  the  AP)  or  downlink  direction  (for  example,  download  from  the  AP  to  the 
client).  Downlink  TCP  performance  is  the  most  relevant  metric,  since  it  reflects 
the  most  common  usage  such  as  browsing  the  web  or  downloading  email. 

In  the  case  of  the  COASTS  2006  meshed  wireless  networks,  backhaul 
channel  throughput  was  tested  exclusively. 


25  Miller,  2006. 


50 


4.  Test  Setup 

The  first  step  was  to  decide  which  antenna  configurations  and  which 
range  would  be  used.  The  natural  test  configuration  was  to  iterate  antennas 
through  a  pre-designed  range  of  distances.  These  distances  were  spaced  .2  mi 
apart  out  to  1 .6  miles  in  an  array  of  eight  sub-tests. 

An  example  of  antenna  range  testing: 

Test  1:  Antenna  1  at  ranges  1-8. 

Test  2:  Antenna  2  at  ranges  1-8. 

Test  3:  Antenna  3  at  ranges  1-8. 

Test  4:  Antenna  4  at  ranges  1-8. 

Test  5:  Antenna  5  at  ranges  1-8. 

Test  6:  Antenna  6  at  ranges  1-8. 

This  test  procedure  was  carried  out  6  times  for  each  antenna  configuration 
to  ensure  that  an  adequate  sample  size  was  achieved. 

Select  a  channel  for  testing,  and  verify  that  the  RF  environment  on  the 
selected  channel  is  clear.  Use  a  sniffer  or  client  device  to  check  that  there  are  no 
access  points  or  ad-hoc  networks  located  on  the  same  channel  throughout  the 
test  area.  For  11b  and  11g,  this  means  no  overlapping  channel;  channels  with 
number  spacing  of  4  or  less  overlap  and  cause  significant  in-band  interference. 
For  example,  2.4  GHz  channel  1  overlaps  with  channels  2,  3,  4,  5,  and  channel  6 
overlaps  with  channels  2,  3,  4,  5,  7,  8,  9  and  10.  For  11a  the  standard  54  Mbps 
channels  do  not  overlap. 

Select  at  least  eight  test  locations  at  a  variety  of  locations  and  distances 
from  the  access  point  (see  Figure  24).  At  least  one  test  location  should  be  at  the 
limit  of  coverage.  (If  later  it  is  discovered  that  one  product  under  test  has  much 
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better  coverage  than  initially  expected,  then  additional,  more  remote,  test 
locations  need  to  be  added  and  the  earlier  tests  with  the  other  equipment  to  be 
repeated  at  these  new  locations.) 

All  wireless  LANs  have  a  limit  on  signals  that  are  too  strong.  Some  WLAN 
products  may  actually  produce  low  data  rates  at  very  close  ranges  (for  example, 
less  than  three  feet).  Therefore,  the  closest  test  points  should  be  no  less  than 
five  feet  apart. 


LQiCiIjOKi]  LwtfiOt^.3 


Figure  24  Typical  Range  and  Throughput  Setup  (From:  Antheros). 

The  key  criterion  is  repeatability.  For  each  product  under  test,  the  access 
point  locations,  software  setup,  channel  used,  overall  environment,  test 
procedure  and  test  locations  were  as  close  to  the  same  as  possible. 
Environmental  repeatability  was  desired  within  a  test,  however  variability  of  the 
test  environmental  conditions  was  welcome  as  a  portion  of  the  COASTS  2006 
experiment  was  investigating  the  potential  correlation  of  atmospheric  conditions 
and  network  performance. 

At  each  location,  a  minimum  of  six  measurements  were  made  to  attempt 
to  capture  the  statistical  variability  inherent  in  RF  propagation,  and  IP  packet 
transmission. 
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5. 


Test  Procedure 


Putting  all  the  previous  steps  together,  the  overall  test  procedure  is: 

Setup  test  #1 :  Install  the  desired  antenna  on  the  mobile  node. 

Go  to  the  first  test  location  and  conduct  a  throughput  test  on 

IxChariot. 

For  each  location,  record  the  time  and  distance  of  the  mobile  node  from 
the  root  node  in  the  IxChariot  log  file  as  it  is  saved  to  the  appropriate  test  folder 
which  is  labeled  with  the  antenna  being  tested. 

Repeat  steps  1-3  for  each  test  location. 

Repeat  steps  1-4  for  each  antenna  configuration  six  times. 

This  is  a  natural  point  at  which  to  discus  the  software  package  that  was 
used  to  gather  the  performance  of  the  throughput  tests  and  log  the  results. 

6.  Mesh  Dynamics  Network  Mesh  Viewer 

Another  useful  tool  used  for  network  situational  awareness  was  the  Mesh 
Dynamics  Network  Mesh  Viewer  (NMV).  Through  the  network  interface.  Mesh 
Viewer  would  analyze  the  network;  gather  information  on  all  access  points  that 
were  active  and  passing  data,  and  report  wireless  signal  strength  in  dBm,  internal 
board  temperatures  in  Celsius,  and  throughput  in  mega-bytes  per  second 
(Mbps). 
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Figure  25  Mesh  Viewer  Screen  Shot  (From:  Lounsbury). 


B.  ENVIRONMENTAL  MONITORING 

In  an  effort  to  document  the  possible  effects  of  atmospheric  conditions  on 
the  performance  of  each  of  the  technologies  included  in  the  COASTS  2006 
experiment,  it  was  deemed  necessary  to  select  a  weather  monitoring  solution 
which  was  weather  proof,  ultra  portable,  capable  of  logging  a  full  day’s  worth  of 
data,  and  require  very  little  power.  This  array  of  desired  attributes  was  found  in  a 
COTS  solution  from  Kestrel  Meters®. 

1.  Kestrel  Handheld  Weather  Station 

The  Kestrel  4000  Handheld  Weather  Station  (see  Figure  26  was  the 
primary  source  for  data  collection  for  COASTS  2006.  Each  of  the  discreet  data 
points  collected  included  the  following  observations: 

•  Wind  Speed 

•  Wind  Chill 

•  Air  Temperature 

•  Dew  Point 
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•  Barometric  Pressure 

•  Wet  Bulb  Temperature 

•  Heat  Index 

•  Altitude 

•  Density  Altitude 

•  Time  of  Collection  Point 


Figure  26  Kestrel  4000  Hand  held  Weather  Station  (From: 

www.kestrelmeters.com). 

The  Kestrel  is  capable  of  storing  2000  summary  data  points  (See 
Appendix  D  for  complete  list  of  specifications),  with  an  onboard  configurable 
collection  interval  between  2  seconds  and  12  hours.  This  internal  storage 
capacity  offered  the  experiment  a  very  detailed  view  of  the  subtle  atmospheric 
fluctuations  experienced  in  each  of  the  environments  where  testing  was 
undertaken. 

The  Kestrels  were  placed  in  three  different  locations  at  each 
experimentation  location.  A  unit  was  mounted  to  the  root  node,  another  was 
mounted  to  a  balloon  payload  and  hoisted  to  2500’  Above  Ground  Level  (AGL) 
and  the  third  was  carried  with  the  testing  team  to  each  endpoint  testing  location. 
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Another  valuable  attribute  of  the  Kestrel  Meter  system  was  its  ability,  when 
docked  in  a  base  station,  to  provide  a  World  Wide  Web  (WWW)  servable 
webpage  (see  Figure  27)  which  provided  real  time  observation  and  at-a-glance 
atmospheric  trends.  This  added  feature  provided  valuable  real  time  feedback 
and  a  greater  situational  awareness  to  the  NOC  team  as  they  were  conducting 
and  supervising  testing  and  scenario  operations. 


Figure  27  Kestrel  Weather  Station  Graphical  Interface  (From:  Miller) 

Each  day  that  experimentation  was  to  take  place,  each  weather  station 
was  calibrated  in  accordance  with  Appendix  E,  and  at  the  day’s  end  upon 
conclusion  of  testing,  a  member  of  the  Data  Collections  team  retrieved  each 
station  and  downloaded  the  stored  data  to  comma  delimited  files  for 
incorporation  into  the  COASTS  2006  observation  data  base  for  follow  on 
analysis. 
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VI.  EXPERIMENTATION  AND  RESULTS 


A.  802.11  MESHED  NETWORK 

As  discussed  in  Chapter  V,  the  IX  Chariot  evaluation  software  requires  an 
endpoint  client  to  conduct  testing.  For  each  iteration  of  the  COASTS  2006  field 
experimentation  program,  a  Windows  XP  configured  laptop  served  as  the 
hardware  upon  which  this  endpoint  software  was  run.  Ixia  supplies  several 
specific  endpoints  specifically  designed  to  be  installed  on  WAP  for  the  very 
reason  that  it  is  impractical  for  each  node  of  a  network  to  require  a  dedicated 
hardware  platform  to  serve  as  the  endpoint  client.  Ixia  and  MechDynamics  have 
developed  a  client  specifically  designed  to  operate  on  the  MD4000  family  of 
WAP;  however,  the  necessary  client  was  not  available  in  time  to  be  utilized  in  this 
experiment.  Because  of  this,  the  evaluation  of  the  WAP  on  the  UAV  surrogate  in 
flight  was  not  possible  given  the  payload  restrictions  inherent  to  the  airframe. 

Given  the  payload  weight  restriction,  and  the  anecdotal  documentation 
that  the  RF  energy  produced  by  an  RC  Helicopter  falls  into  the  spectrum  below 
300  MHz,26  well  below  the  2.4GHz  frequency  that  the  MD4000  WAP  operates 
on,  WAP  testing  was  conducted  on  the  ground  as  part  of  the  COASTS  2006 
experiment.  This  effort  was  considered  valid  as  in  each  case  the  root  and 
remote  client  access  points  were  each  raised  to  a  height  greater  than  that  of  the 
first  Fresnel  zone  radius  above  the  ground.  This  antenna  height  ensured  that  a 
minimal  amount  of  RF  loss  occurred  and  closely  simulated  an  airborne  access 
point  with  regard  to  Fresnel  zone  propagation  concerns. 

With  this  construct  in  mind  the  following  results  were  achieved  utilizing  the 
testing  methodology  discussed  in  Chapter  V. 


26  About  Spektrum  DSM  Digital  Spectrum  Modulation.  Provides  unequalled  RC  signal 
resolution,  and  is  immune  to  the  most  common  forms  of  RF  interference. 
<http://www.modelflight.com.au/spektrum_whyisitbetter.htm>,  (9  March  2006). 

57 


1 .  Throughput  vs.  Distance  Testing 

One  thousand  five  hundred  twenty  data  points  were  analyzed  utilizing  a 
binning  technique  with  bin  sizes  of  10  observations  each.  This  resulted  in  152 
discrete  data  points  which  follow  a  normal  distribution  (Figure  28). 


Figure  28  Normal  Probability  Plot  (Throughput). 

Linear  regression  analysis  was  then  performed  to  fit  the  following  linear 

model: 

Y=  21.906 -6.253X  Eqn.  1.1 

Where,  in  Eqn.  1.1,  Y  represents  the  fitted  throughput  value  and  x  is  the 
dependant  variable  Range.  This  yielded  a  randomly  scattered  plot  of  residuals 
signifying  homoscedastic  variability. 


This  yielded  a  well  fit  linear  model  demonstrated  by  the  t  statistic  and  p- 
value  shown  in  Table  2. 


Coefficients 

Standard  Error 

tStat 

P-value 

Intercept 

22.12376193 

0.296382885 

74.64588212 

1.6202E-120 

Range. miles. 

-6.781182591 

0.553867046 

-12.24334007 

2.48097E-24 

Table  2  Linear  Model  and  Model  Statistics. 
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A  plot  of  the  fitted  linear  model  and  the  associated  upper  and  lower  95% 
prediction  curves  (Figure  29)  identify  both  the  linearity  and  high  variability  of 
dependant  variable  (throughput)  across  the  range  of  tested  distances. 


Linear  Fit 

Throughput  vs  Range. miles. 


Figure  29  Plot  of  Linear  Fit  (Throughput  vs.  Range. miles.) 

The  overall  variability  of  is  only  partially  explained  in  the  linear  model  by 
the  influence  of  range.  This  can  be  readily  identified  by  the  Multiple  R  Squared 
value  in  Table  3. 


Regression  Statistics 

Multiple  R 

0.706988145 

R  Square 

0.499832237 

Adjusted  R  Square 

0.496497785 

Standard  Error 

1.674010732 

Observations 

152 

Table  3  Regression  Statistics 
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The  30%  of  variance  which  is  unaccounted  for  may  well  be  explained  by 
the  introduction  of  error  through  the  testing  process  or  by  subtle  variations  in 
atmospherics.27  Radio  wave  propagation  theory  states  that  energy  received 
from  a  radiating  source  is  at  least  indirectly  proportionate  to  the  distance  away 
from  the  source.  The  linear  model  suggests,  as  would  be  expected,  that 
information  sent  along  a  radiated  frequency  is  also  indirectly  proportionate  to  the 
distance  between  two  meshed  nodes  of  a  network. 


However,  the  identified  WAN  MOP  for  the  purposes  of  this  experiment 
was  a  10  MB  through  put  out  to  1  mi.  To  test  whether  this  MOP  was  achieved,  a 
simple  hypothesis  test  was  performed  on  the  same  set  of  binned  data. 


n  =  152 
a  =  .05 
X  =  18.89 
(7=2.359161 


Ho  <10 

H,>10 


ILi^=  lii  =  18.89 
o-  2.35 

(7^  =-^  =  ^^  =  .191 
Vn  V152 

Z  =  =  =  46.63 


(J 


.191 


Zqs  =  1 .64  From  normal  table. 


Z>1 .64  so  we  must  reject  and  conclude  that  Throughput  is  >10  Mb/sec. 


27  Miller,  2006. 
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B.  VTOL  UAV  SURROGATE 


1.  Construction 

The  VTOL  UAV  surrogate  was  constructed  in  accordance  with  the 
manufacturer’s  specifications  included  in  Appendix  F.  The  construction  process 
was  documented  and  observed  for  any  key  skills  or  tools  which  might  be  needed 
to  complete  the  project.  The  following  table  is  a  summary  of  results  obtained 
from  Appendix  H. 


Stec 

1  Description 

Time  (min) 

Tech  Assist 

Time 

Special  Tool 
Time 

1 

Main  Frame 

898 

0 

152 

2 

Motor  Installation 

273 

60 

0 

3 

Tail  Rotor 

231 

0 

0 

4 

Tail 

420 

84 

84 

5 

Main  Rotor  Head 

519 

47 

47 

6 

Avionics,  Wiring  and  Power  Installation 

499 

303 

136 

7 

RC  Programming 

243 

243 

136 

8 

Axis  Trims 

402 

369 

0 

9 

Flight  Testing 

262 

260 

260 

Total 

3747 

1366 

815  1 

Table  4  Construction  Build  Times  (min.). 


Table  4  indicates  36%  of  the  build  time  required  technical  assistance  out 
side  of  basic  mechanical  skills  and  that  22%  of  the  time  specialized  tools  were 
required.  All  of  these  specialized  skills  and  tools  are  common  to  the  RC 
helicopter  enthusiast  and  would  generally  require  a  single  experienced  source  for 
construction  and  operational  testing  of  an  AIED. 

2.  Flight  Training 

The  ground  up  development  of  a  UAV  requires  testing  and  development  in 
a  remotely  controlled  platform  prior  to  the  implementation  of  an  autonomous  flight 
package.  Without  the  ability  to  remotely  pilot  the  airframe,  flight  excursions 
common  to  autonomous  flight  package  implementation  would  not  only  be 
monetarily  prohibitive  but  would  also  greatly  increase  the  development  phase  of 
implementation.  In  an  environment  where  supply  of  technology  related  materials 
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may  be  limited,  multiple  losses  of  airframes  would  be  intolerable.  This  need  to 
control  the  aircraft  in  critical  phases  of  flight  during  development  is  essential. 
With  this  fundamental  assumption  explained,  RC  helicopter  flight  training  was 
undertaken. 

At  the  end  of  the  process,  over  75  simulated  flight  hours  were  logged  and 
over  140  flight  hours.  This  process  spanned  five  months  and  required  numerous 
parts  replacements  which  included  main  blades,  tail  rotor  drive  belts  and  main 
transmission  gears.  By  the  end  of  the  process  of  training  the  airframe  remained 
intact  but  the  main  servos  and  brushless  DC  motor  were  showing  signs  of 
service  life  wear.  This  was  evidenced  by  a  somewhat  sluggish  control  response 
and  a  lack  of  power  margin.  All  this  considered,  the  time  to  replace  all  these 
parts  given  a  ready  supply  was  accomplished  in  the  span  of  an  afternoon  and 
operationally  tested  and  adjusted  within  an  hour. 
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VII.  CONCLUSIONS  AND  FUTURE  RESEARCH 


A.  CONCLUSIONS 

1.  Extension  of  Wireless  Network  Utilizing  a  VTOL  Platform 

Given  the  equipment  tested  it  has  been  shown  that  the  mesh  dynamics 
WAP  provides  a  10  MB/sec  networking  solution  which  can  be  implemented  on  a 
mini  VTOL  UAV  platform.  This  platform  can  be  used  to  extend  wireless 
communications  as  well  as  provide  a  control  link  for  associated  autonomous 
flight  packages  utilizing  TCP/IP  protocols. 

2.  AIED  Systematic  Identification 

Initial  literature  review  signified  that  contemporary  frequency  spaces 
utilized  by  RC  aircraft  fall  into  a  readily  identifiable  range  of  27,  72,  75  MHz,  and 
2.4  GHz.  The  highest  range  being  the  most  cluttered  space  and  there  for  most 
readily  masked.  A  heightened  use  of  these  frequencies  during  daylight  hours 
would  be  an  might  be  an  indication  of  RC  training. 

Without  an  autonomous  flight  package,  flight  of  an  AIED  would  be 
restricted  to  line  of  sight  operation  of  no  more  than  .25  miles.  For  a  credible 
threat  to  be  achieved  an  autonomous  flight  equipped  airframe  would  be 
essential.  As  such,  the  purchase  of  small  autonomous  flight  hardware  packages 
such  as  those  in  Figure  19  are  essential  for  the  successful  deployment  of  a  non 
line  of  sight  AIED.  This  being  the  case,  the  monitoring  and  tracking  of  such 
devices  would  aid  in  the  identification  and  possible  production  process  of  an 
AIED. 

Also  identified  as  a  critical  contributing  factor  in  AIED  production,  are 
experienced  RC  pilots  with  the  knowledge  and  ability  to  test  an  airframe 
throughout  the  development  process.  Throughout  the  United  States  and  in  other 
countries,  these  individuals  are,  for  the  most  part,  self  identifying  through  club 
memberships,  presence  on  the  internet,  and  through  regional  “Fly-ins.” 
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B.  FUTURE  RESEARCH 


While  engaged  in  the  COASTS  2006  project,  it  became  readily  apparent 
that  a  possibility  might  exist  for  interference  between  the  frequencies  generated 
by  the  rotating  bodies  and  controls  of  an  RC  helo  and  the  communication  devices 
in  the  program.  With  that  in  mind  future  research  should  be  conducted  in  the 
analysis  of  RC  helo  RF  interference  with  2.4  GHz  and  5.8  GHz  spectrum,  to 
include  identification  of  optimal  Main  rotor  speed  /  MR  blade  length  to  minimize 
RF  interference. 

From  the  beginning  of  the  project  it  was  apparent  that  helicopter  flight  is 
very  in  efficient  both  in  power  consumption  and  survivability  should  a  flight 
control  excursion  occur.  With  that  in  mind  a  comparative  analysis  of  power 
requirements  between  mini-fixed  wing  UAV  and  mini-rotary  wing  UAV  platforms 
given  a  specific  payload  configuration  is  highly  recommended,  the  aim  of  which 
would  be  developing  targeted  implementation  appropriate  to  each  platform. 

Also,  apparent  after  flight  testing  was  the  potential  for  logistic  difficulties 
associated  with  UAV  operations  in  a  remote  environment.  Given  that  potential 
difficulty  a  logistics  analysis  of  Mini-UAV  platforms  to  include  crash  survivability 
and  in  field  maintenance  requirements  might  produce  valuable  insight  into  the 
mid  to  long  term  implementation  of  UAV’s  in  the  field. 
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APPENDIX  A.  COASTS  CONOP  2006  (01-04-06) 


Coalition  Operating  Area  Surveillance  and 
Targeting  System  (COASTS) 
Thailand  Field  Experiment  (May  2006) 
Concept  of  Operations 

NAVAL 

POSTGRADUATE 

SCHOOL 

MON'TEREV,  CALIFORNIA 
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APPENDIX  B.  MD4000  HWMANUAL 


meffH 


Hardware  Installation  and  Maintenance 
MD4000  Product  Family 
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Terminology 


Root  and  Relay  Nodes 

Mesh  Networks  provide  long  range  connectivity  by  relaying  packets  from  one  mesh  node  to  another, 
like  a  bucket  brigade.  The  end  of  the  bucket  brigade  terminates  at  the  root  -  which  connects  to  the 
Ethernet,  (above)  Relays  connect  to  the  root  or  other  relay  nodes  to  form  a  wirelessly  linked  chain. 

Upstream  &  Downstream 

Upstream  implies  closer  to  the  Ethernet.  The  root  is  upstream  of  relay  1. 


Wireless  Uplinks  and  Downlinks.  The  Ethernet  link  is  the  uplink 
(upstream  link)  connection  for  the  root.  The  root  has  is  a  wired 
uplink.  Its  "backhaul"  Is  the  wired  network. 

Relays  have  wireless  uplinks  through  a  upstream  downlink  radio. 
Downlink  radios  act  like  Access  Points  (AP) :  they  send  out  a  beacon. 
Uplink  radios  act  like  clients  -  they  do  not  send  out  a  beacon. 

A  wireless  radio  card  in  the  laptop  can  inform  you  of  the  presence  of 
downlinks  but  not  of  uplinks.  Downlinks  beacon.  Uplinks  do  not. 

The  uplink  and  downlink  radios  form  a  wireless  backhaul  path. 

AP  radios  operate  in  the  2.4GHZ  band  to  service  llb/g  clients. 
802.11a  wireless  devices  may  be  serviced  by  the  5.8G  downlink. 

Thus,  both  802.11a  and  802. llb/g  client  access  is  supported. 

Backhaul  radios  operate  in  5.8GHZ  band  to  avoid  interference  with 
the  llb/g  2.4GHZ  AP  radio  (shown  pink,  right). 


To  summarize,  there  are  4  types  of  "links"  to  Structured  Mesh''^  products: 

"  A  wired  uplink  to  provide  Ethernet  connectivity.  This  connects  the  Root  node  to  the  wired  network. 

H  A  wireless  downlink  to  provide  wireless  connectivity.  Acts  like  an  AP  for  the  uplink.  Typically  5.8G. 

0  A  wireless  uplink  to  connect  to  upstream  mesh  nodes.  This  Is  a  "client"  to  the  downlink.  Typically  5.8G. 
im  A  AP  radio  for  clients.  Typically  2.4G  with  support  for  both  b  and  g  clients. 

In  our  standard  offering,  the  11a  uplink,  the  11a  downlink  and  llb/g  service  are  3  separate  radios  (Rg  2.2). 
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The  MD  4000  Product  Family 


^V^mles 


0  □ 

S-  □ 


The  MD4000  Modular  MeshTM  products  support  up  to  4  radios  In  a  single  enclosure. 
Slots  0,  1  house  one  uplink  and  one  downlink  radio  operating  on  non-interfering 
channels  but  in  the  same  frequency  band.  They  are  both  2.4G  or  both  5.8G.  radios. 


Note:  This  two  radio  backhaul  differs  from  competing  mesh  products.  The  differences  are  explained 

at:  www.meshdynamics.CQm/WhyStructuredMesh.html 

Slot  2  houses  a  2.4G  AP  radio  for  client  connectivity.  2.4G  radios  can  be  set  to  b.  b  and  g  or  g  only 
modes.  Slot  3  can  house  a  2^^  downlink,  2^^  AP  or  a  scanning  radio  for  mobile  mesh  module  -  that 
form  part  of  the  meshed  backhaul  in  dynamic  infrastructure  mesh  networks. 

The  2  Ethernet  ports  on  each  module  may  be  used  to  interface  to  cameras  for  high  resolution  video 
over  mesh.  A  2"^  (slave)  module  attaches  via  Ethernet  to  provide  a  total  of  8  radios.  Operating 
temperature  range  is  -40  to  +85  Celsius.  The  die  cast  weather  proof  enclosure  is  NEMA  67  rated. 


■  2.4G  Backhaul  Products  (Standard  Configurations) 


0  \J] 

jB 

E 

0 

a 

2.4G  5.8( 

n  n 

a  0 

a 

0  1 

a 

□ 

II 

MD4220 


MD4320 


MD4325 


Uplink 

Downlink 

Service 

Scanner 


1.  MD4220-BBxx:  2-Radio  module  2.4G  uplink  and  downlink  Backhaul  (BH).  . 

2.  MD4320-BBBx:  3-Radio  module  2.4G  sectored  BH  slots  0,1  and  2.4G  AP  radio  in  slot  2. 

3.  MD4325-BBxB:  3-Radio  module  2.4G  BH,  Downlink  also  acts  as  AP.  A  2.4G  Mobility  Scanner  in  slot  3. 


■  5.8G  Backhaul  Products  (Standard  Configurations) 


1.  MD4250-AAxx:  2-Radio  module  5.8G  BH  uplink  and  downlink  Backhaul  (BH). 

2.  MD4350-AABx:  3-Radlo  module  5.8G  BH  and  2.4G  AP  radio  in  slot  2.  AP  modes  may  be  b,  g,  or  b  &  g. 

3.  MD4452-AABA:  4-Radio  module  5.8G  BH  and  2.4G  AP  radio.  Second  sectored  5.8G  downlink  in  slot  3. 

4.  MD4458-AABB:  4-Radio  module  5.8G  BH  and  2.4G  AP  radios  (two)  in  slots  2,  3  for  sectored  service. 

5.  MD4455-AABA:  4-Radio  module  5.8G  BH  and  2.4G  AP  radio  in  slot  2.  5.8G  Scanner  in  slot  3 


■  Notes: 

1.  All  2.4G  Downlinks  and  APs  may  be  configured  to  support  b  only,  g  only,  or  b  &  g  client  connectivity 

2.  All  5.8G  Downlinks  may  be  configured  to  provide  802.11a  client  connectivity 

3.  All  radios  interfaces  may  be  configured  to  provide  IEEE  802. lie  differentiated  Class  of  Service 
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How  Far  Apart  Should  Backhaul  Radios  be  Placed? 


^V^mles 


For  a  "good  signal",  the  fraction  of  the  energy  from  the  transmitter  that  reaches  the  receiver  should  exceed  the 
receiver  radio's  receive  sensitivity.  If  not,  the  ACK  will  not  be  sent  and  re-transmisslon  occurs.  Throughput  then 
declines.  The  rate  control  software  on  the  mesh  module  is  sampling  the  link  quality  between  its  uplink  and  the 
parent  downlink.  If  the  throughput  declines,  it  lowers  the  transmit  rate,  since  transmit  power  and  receive 
sensitivity  improve  at  lower  transmit  rates.  The  throughput  is  thus  adjusted  based  on  signal  quality. 

Degradation  of  signal  quality  over  distance  is  expressed  by  the  free  space  path  loss  relationship: 

Path_Loss  -  20*log{Freq)  +  Decay_*  10*log(Dist)  -  K  where 
Path_lo33:  Path  Loss  in  dBm 
Freq:  Frequency  in  MHZ 

Decay  :  Varies  based  on  RF  environment,  line  of  sight  etc. 

Dist:  Distance  between  the  two  mesh  nodes  (in  meters) 

K:  Constant. 

Transmit  power  from  the  radio  and  antenna  gains  offsets  this  path  loss.  The  adjusted  value  must  then  exceed  the 
receiving  radio  receive  sensitivity  for  transmissions  to  be  "heard".  Table  A1  shows  backhaul  distances  for  a  5.8G 
radio  transmitting  with  20  dBm  transmit  power  radio  and  over  two  8  db  omni-directional  antennas.  Acceptable 
receive  sensitivity  is  set  at  -  65  dBm.  Decay  is  varied  from  2.0  (rural,  open  space)  to  2.4  (more  urban  settings, 
non  line  of  sight,  occlusions,  interference).  Notice  how  range  is  dramatically  affected  by  changes  in  Decay. 


Case 

RS  (dBm) 

TR  (dBm) 

Decay 

Ant  01 

Ant  02 

Freq  (MHZ) 

Dst  (m) 

Dst  (Ft) 

01 

65 

20 

2.0 

8 

8 

5800 

461 

1512 

02 

65 

20 

2.2 

8 

8 

5800 

264 

866 

03 

65 

20 

2.4 

8 

8 

5800 

166 

544 

Increasing  antenna  gain  from  8  dBm  to  a  14  dBm  panel  on  the  downlink  reduces  this  path  loss  (Table  A2). 


01 

65 

20 

2.0 

14 

8 

5800 

921 

3017 

02 

65 

20 

2.2 

14 

8 

5800 

495 

1622 

03 

65 

20 

2.4 

14 

8 

5800 

295 

967 

Panels  have  a  less  dispersed  beam  pattern  than  omni-directional  antennas.  Their  restricted  field  of  view  also 
makes  them  less  sensitive  to  noise  in  the  vicinity.  In  very  noisy  settings,  more  radio  transmit  power  may  be 
needed.  Two  downlinks  doubles  transmit  radio  power  from  20  dBm  to  23  dBm.  (Table  A3). 

Table  A3  |01  |  65|  23|  2.4|  14|  8|  5800|  394|  1290| 

Range  is  also  effectively  doubled  by  changing  from  5.8G  to  a  2.4G  backhaul.  Compare  Table  A4  with  Table  Al. 


01 

65 

20 

2.0 

8 

8 

2400 

1115 

3655 

02 

65 

20 

2.2 

8 

8 

2400 

589 

1931 

03 

65 

20 

2.4 

8 

8 

2400 

346 

1135 

Unfortunately,  the  2.4G  RF  space  is  "polluted"  with  multiple  AP  and  client  devices.  2.4G  Backhauls  are  best  limited 
to  rural  areas  with  low  subscriber  density  and  low  2.4G  RF  interference.  If  2.4G  Backhauls  are  critical,  reduce  2.4G 
RF  interference  on  the  backhaul  with  a  panel  antenna  and  its  more  focused  beam.  The  4320  3-radio  2.4G 
backhaul  product  is  intended  to  be  used  with  panels  on  the  backhaul  and  an  omni  for  the  3«*  2.4G  AP  radio  . 

Suggestions 

In  rural  areas  or  low  client  density  situations,  use  2.4G  backhauls  preferably  with  panels  to  reduce  RF  interference 
from  other  2.4G  devices.  In  all  other  scenarios  use  5.8G  Backhauls.  Start  with  two  8  dBm  5.8G  omni-directional 
250m  apart,  with  clear  line  of  sight  and  no  metal  obstructions  with  1.5m  of  the  antennas.  Increase  node  spacing 
till  throughput  begins  to  decline  -  look  at  the  heart  beats  shown  on  the  NMS.  For  noisy  5.8G  environments,  reduce 
path  loss  with  panels  and/or  double  the  transmit  power  with  dual  downlinks  (4452). 
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How  Far  Apart  Should  AP  Radios  be  Placed? 


Case 

RS  (dBm) 

TR  (dBm) 

Decay 

Ant  01 

Ant  02 

Freq  (MHZ) 

Dst  (m) 

Dst  (Ft) 

01 

65 

20 

2.0 

8 

8 

5800 

461 

1512 

02 

65 

20 

2.2 

8 

8 

5800 

264 

866 

03 

65 

20 

2.4 

8 

8 

5800 

166 

544 

01 

65 

20 

2.0 

8 

8 

2400 

1115 

3655 

02 

65 

20 

2.2 

8 

8 

2400 

589 

1931 

03 

65 

20 

2.4 

8 

8 

2400 

346 

1135 

Table  B1  and  B2  indicate  that  the  range  of  the  2.4G  radios  backhaul  will  always  exceed  that  of  the  5.8G  backhaul. 
The  theory  does  not  take  Into  consideration  two  salient  real-world  differences  between  backhauls  and  AP  radios: 


1.  Antennas  are  generally  mounted  on  roof  tops.  The  backhaul  antennas  generally  have  free  space  line  of  sight 
connectivity.  However  the  antennas  of  the  AP,  also  mounted  on  rooftops,  must  connect  with  clients  on  the  ground. 
The  path  from  AP  antennas  to  the  2.4G  client  radios  Is  often  not  clear  line  of  sight.  Additionally,  there  is  significant 
2.4G  RF  interference  In  urban  areas.  With  higher  decay  the  range  is  significantly  reduced  (Table  B3). 


01 

65 

20 

2.6 

8 

8 

2400 

221 

724 

02 

65 

20 

2.8 

8 

8 

2400 

150 

492 

03 

65 

20 

3.0 

8 

8 

2400 

108 

352 

2.  Clients  on  the  same  AP  also  can  also  create  RF  interference  due  to  Hidden-Node  effects.  The  AP  has  big  ears 
(high  receive  sensitivity).  Even  though  clients  radios  are  much  lower  power,  the  AP  can  hear  them.  It  also  has  a  loud 
voice  (high  transmit  power)  so  clients  can  hear  it.  But  clients  may  not  be  able  to  hear  each  other  such  as  when 
clients  are  on  opposite  ends  from  each  other.  The  clients  are  thus  "hidden". 


Radio  is  a  shared  medium:  only  one  device  should  be  active  at  any  time.  If  clients  are  "hidden"  from  each  other, 
then  they  could  be  talking  at  the  same  time,  causing  RF  interference  and  loss  of  signal  quality.  Table  B4  indicates 
that  clients  hear  each  other  only  within  100  meters  .In  noisy  or  occluded  settings  It  could  be  as  low  as  50  meters. 


Case 

RS(dBm) 

TR  (dBm) 

Decay 

Ant  01 

Ant  02 

Freq  (MHZ) 

D(m) 

D(Ft) 

01 

65 

15 

2.0 

0 

0 

2400 

99 

326 

02 

65 

15 

2.2 

0 

0 

2400 

65 

214 

03 

65 

15 

2.4 

0 

0 

2400 

46 

151 

Suggestions 


If  omni-directional  antennas  are  being  used,  select  ones  with  down  tilt.  This  focuses  the  beam  downwards  -  where 
the  clients.  This  also  reduces  the  AP  range  so  clients  are  less  spread  apart.  The  hidden  node  effect  is  thus  curtailed. 
For  noisy  /occluded  environments,  reduce  path  loss  with  panels  and/or  double  transmit  power  with  dual  AP  radios. 


Note:  Range  Calculation  Sheet  location:  www.meshdynamics.com/DOWNLOADS/MDRangeCalculations.xls 
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Recommended  Antenna  Selection  and  Placement 


fD«Sft 


Figure  ^.1 

Qmnl~dir^ctlorh9l  ant^nnps  provide  pn  ^ndl^buti^n  of  pir^dUon^  arrt^n^Sj.  in 

focus  FIF  energy  towards  a  recejver  in  threir  Nne  of  sight.  Omni-dinectlonal  antennas  as  Jess  efficient  that  cttrecttorral 
antennas  ds  distance  between  the  rday  increases.  In  tlie  event  tiie  RF  signal  ts  weak^  over  kitig  ranges^  Sector  or 
Panel  antennas  sfwutd  be  considered. 

When  ordering  omni-directional  antennes  for  the  up/d  own  NnkSr  loolc  at  the  down  tilt  and  verticai  beam  width 
sp^lflcatians.  IT  tKe  rafay^  m  art  dlffar«nt  bights, cit  dirffaflng  angl^  thieri  th«  not  "caring". 

Theservke  radio  antenna,  if  omnj-dlrectnral,  should  have  a  large  down  tittj  If  mesh  nodes  a  remounted  up  high.  In 
that  case  the  beam  has  to  travel  downwards  to  reach  client  devices  (e.g.  laptops)  on  the  ground. 


T?ie  up-IInk  ard  down-link  antennas  operate  on  the  same  frequency  band  -  they  are  either  BOTH  11a  or  llb/g.  The 
mesh  sothvare  ailocates  non -interfering  channels  but  it  is  still  gofld  practice  to  keep  the  antennas  at  feast  20  cm  apart 
and  with  vertical  s^ppration.  so  the  dgughnute*  don't  ewerfe  p. 

For  ail  amlenna^,  avoid  placements  where  the  open  end  of  hs  rbear  metal  poles  or  near  power  transfbrim^.  Also  onwl- 
difKtional  anterinas,  should  be  mounted  as  vertkal  as  possible  and  at  similar  heights,  for  best  results.  Mole  at  the 
down  tilt  and  beam  widlb  affects  permissible  height  variationSx  based  on  the  tar^gent  of  the  angle  times  the  distance. 
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Aligning  Omni-directional  Antennas 


Understanding  the  beam  pattern  of  omni-directional  antennas  and  the  "vertical  window  of  connectivity"'  that  is 
available  at  any  given  distance  is  important  in  the  alignment  of  the  antennas  for  the  mesh  backhaul,  It  Is  especially 
important  when  the  terrain  for  the  mesh  deployment  varies  in  elevation,  and/or  the  objects  on  which  the  mesh 
nodes  will  be  mounted  vary  in  height. 

An  omni-directional  antenna  has  a  radiation  pattern  that  looks  like  a  horizontal  disc  emanating  from  the  antenna. 
The  disc  gradually  gets  thicker  as  you  move  farther  from  the  antenna,  and  the  angle  that  describes  how  fast  It  gets 
thicker  is  called  the  "vertical  beam  angle". 

Given  that  the  antennas  are  mounted  perfectly  vertical  (please  use  a  level  to  ensure  this),  there  will  be  a  vertical 
window  at  any  given  distance  from  a  first  backhaul  antenna  within  which  a  second  backhaul  antenna  will  be  able  to 
receive  signals  transmitted  with  the  full  rated  gain  of  the  first  antenna. 

In  the  diagram  below,  the  18  degree  vertical  beam  angle  shown  corresponds  to  a  preferred  8dBI,  5GHz  omni 
antenna.  One  can  think  of  this  vertical  pattern  as  two  right  triangles  back-to-back  where  each  has  a  9  degree  angle 
-  one  triangle  facing  up  and  one  facing  down  relative  to  a  horizontal  line. 


Figure  7.1 


Here  is  how  the  trigonometry  works  for  omni-directional  antennas. 

The  side  of  each  triangle  opposite  the  9  deg  angle  (V-Distance)  represents  the  height  above  and  below  horizontal 
that  the  antenna's  radiation  pattern  will  cover  given  that  you  are  some  distance  away,  for  instance  800  ft.  The 
tangent  of  9  degrees  is  0.158,  so  at  an  800  ft  distance,  the  pattern  will  cover  a  height  of  (800  0.158  =126  feet) 

above,  as  well  as  126  feet  below  horizontal  for  a  total  vertical  window  of  252  feet.  If  however,  the  antenna  on  the 
first  node  is  tilted  only  3  degrees  from  vertical  and  tilted  in  the  wrong  direction  relative  to  a  second  node,  the 
vertical  connection  window  available  at  the  second  node  is  now  reduced  to  that  resulting  from  a  6  degree  angle 
giving  a  height  of  (800  *  0.105  =  84  feet)  from  horizontal  in  the  direction  of  interest  instead  of  126  feet. 

As  the  distance  between  the  mesh  nodes  grows,  the  vertical  window  enlarges.  As  the  distance  between  mesh  nodes 
is  shortened,  the  vertical  window  shrinks.  For  instance,  if  for  some  reason  the  nodes  were  placed  300  ft  apart,  the 
connectivity  window  would  be  (300  ^  0.158  =  47)  feet  above  and  47  feet  below.  Basically,  the  further  apart  the 
nodes  are,  the  less  sensitive  they  are  to  the  relative  height  of  the  nodes. 
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Suggested  Check  List 


fD«Sft 


Figure  8.1 

A.  Windows  98  or  better  laptop  witfi  PCMCIA  card  and  Bhernel  Part  Access. 

T^fwrorif/  dteaWe  firevvalfeon  the  laptop  If  you  intend  to  configurie  tfie  nodes  with  the  NMS 

e.  a0i2-ll  a/b/g  card.  Sliowii;  SHC  2334  W'ACG.  P^eeiled  for  rernote  diagiwtics. 

C.  N-Hate  to  N-Hafe  Barrel  Adaptof^.  Meeded  to  ten^pofardy  mourrt  Antennas  on  Structured  Me^™  Module 

D.  N“Male  to  N^Male  low  loss  Cabling.  Conn^s  Antennas  (Er  Fjto  N-Femab  Connectors  on  ModiJe 

e,  Dofwvrriink  arnl:  uplrfnk  Antennas.  Two  required.  For  Backhaut  Typically  lla  {5JG),  Fiji  range. 

S.ectii  Omrw-dlrectional  vvww,Superpass.coriVSPDJ60.bt^  ,  www.Superpass.Goni/SPDJ60P.html 

5.®Ghz  Sectored  BH  wvvw.Superpass.cQiTySP1^J19.hftrnl 

2.^hi  Sectored  BH  www.sufjerpass.corrV'SPLQSS.hlrnl 

F.  S^iC^  Aiiterina  f<ir  tO  clbrit  Typically  llb/q 

Z.IGhc  Orfinl-directiondl:  wwWpSu  peiT3as«CQJiV5Pt)G140.htrnl ,,  www  .Superpass.  CQtp/SFd>G  IMP  .html 

G.  Power  Ower  Ethernet  (POE)  Injectsr. 

hpiit  Vbitage  llOv,  Output.  24VOC  on  Pins  4,5  of  Ith^et  ftJ45  Cannectar. 

Mot  Included  with  modules  but  may  be  purcliased  separately  from  Mesixiynamics. 

H.  RJd5  Ethernet  Cables.  Two  needed.  One  connects  to  the  wired  netwwk,  the  other  to  the  node. 


Uotjti: 

L  Items  Cf  mlati^  to  a  lyplcal  3- Radio  Mes-h  Module:  i  ia  upllrili/dcv^ttand  uhlq  s«fvire. 

If  the  upilinlc  and  downlink  or  service  radio  types/setlings  change^  please  change  antennas  accordingly 
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Connecting  the  Downlink  Antennas  to  the  Module 


fD«Sft 


Note:  Units  built  Biter  August  2005  have  conr^ections  on 
the  rflodule  i$  showri  in  figures  0,2 


vaniL 

ut 


UO43Q0hMi<^ 

00021047 


^iiniiiiiiiiiiiiiDi 


ExarnpEe:  0805  Is  the  MMVY  date  of  ma  nufacture. 

If  ibere  ts  rm  niiml>er  on  four  sticker,  thicn  u  plink:  wd 
downlink  connectitwis  ^  reversed .  But  switch!  them, 
also  req  Lakes  openlrg  the  module  and  placing  the  radios 
in  different  mlni-PCl  stotSr  as  desaibed  later 

Switching  to  the  current  convention  is  advised,  but  does 
not  affect  performanrce  of  liie  unit.  Reversing  the  uplink 
and  downlink  sifteninas  may  require  anterrna  alignments. 


Anrefiftd  for  Purposes  Onfyc 
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Bringing  up  a  ROOT  Node 


T1/T3/CABLE  MODEM  (V/AN)  FIREV/ALL 


24VDC  +  Ethernet 


Rgure  10.1 


ledO 


Switch 


NMS  Running  Here 
(on  same  switch) 


llOVAC 


1.  Mount  the  Antennas  as  shown  on  on  the  previous  page. 

2.  Connect  a  cable  from  the  switch  to  the  POE  injector  (above). 

3.  Verify  internet  connectivity  on  the  cable  to  be  plugged  into  the  unit. 

4.  Power  up  the  POE  Injector.  The  LED  on  the  POE  will  light  up. 

5.  Now  connect  the  Ethernet  cable  (with  power)  to  the  Module. 

6.  The  internal  fan  should  start  and  is  audible,  if  you  put  your  ear  to  the  box. 

7.  Insert  the  lla/b/g  radio  card  and  bring  up  the  Wireless  Card  utility. 

8.  Rrewalls  should  be  disabled  If  you  wish  see  the  Heartbeats  on  the  NMS. 

9.  The  wireless  card  utility  will  show  two  APs  named  MESH_INIT  and  the  last  numbers  of  the  MAC  ID  of  the 
radio,  for  identification  purposes.  These  are  the  downlink  radio  and  service  radio  AP  of  the  root  node. 

Note:  On  power  up  the  node  first  senses  if  there  is  an  Ethernet  link  on  the  first  Ethernet  port.  If  it  senses  one, 
it  configures  Itself  as  a  root  node.  If  no  Ethernet  link  Is  sensed,  the  node  assumes  It  is  a  relay.  Its  uplink  radio 
then  searches  for  other  mesh  node  downlinks  to  connect  to.  It  first  searches  for  a  root  node,  falling  which  It 
searches  for  a  relay  node  that  has  established  a  chained  link  back  to  a  root  node.  If  there  are  multiple  relay 
node  candidates,  It  will  connect  to  the  relay  that  provides  the  best  service,  based  on  test  packet  transmissions. 

10.  If  the  Ethernet  cables  are  "good"  then  the  Ethernet  will  be  sensed  and  the  MESH_INIT_XX  will  change  to 
Structured  Mesh  (below).  If  It  does  not,  check  the  Ethernet  cables  and  connectivity  back  to  the  switch. 


N4Miork 

SS<0 

1  WEP 

tmt  1 

DwvmI 

BSSIO 

$lrvcMt4M«^h 

1U5 

00:12:CE 

B 

1 

In  the  image  above,  one  "AP"  is  on  the  5.8GHZ  backhaul  frequency  band  (802.11a).  This  is  the  root 
downlink  radio.  The  other  radio  Is  the  2.4GHZ  AP  client  service  on  802.11b/g.  Connect  the  lla/b/g  radio 
card  to  both  radios  to  verify  wireless  connectivity  on  both  802.11a  and  802.11b/g 
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Bringing  up  a  RELAY  Node 


^Vi^mies 


1.  Mount  the  Antennas  as  shown  on  Rgure  10.1.  Power  up  the  POE  Injector.  The  LED  will  light  up.  Power  up  the 
Module.  The  fan  should  start  and  be  audible.  4.  Bring  up  the  lla/b/g  Wireless  Card  utility  on  the  laptop. 


2.  The  wireless  card  utility  will  show  two  APs  named  MESHJNIT  and  the  numbers  of  the  MAC  ID  of  the  radio. 
These  are  the  downlink  radio  and  service  radio  AP.  In  general,  the  downlink  radios  searches  for  other  mesh  nodes 
to  connect  to.  The  Service  AP  also  radio  scans  to  select  the  best  non-interfering  channels. 


3.  The  relay  node  "scans"  until  It  finds  another  node  (root  or  upstream  relay)  to  form  a  backhaul  path.  If 
successful ,  the  MESHJNIT  SSID  changes  to  StructuredMesh  in  1-2  minutes.  If  the  NMS  is  running  (see  NMS 
User  Guide  for  details),  then  the  ROOT  and  RELAY  nodes  should  show  up  based  on  heart  beats  sent  by  nodes. 


4.  If  the  radio  does  not  change  from  MESH_INrT  then  check  to  see  If  the  a/b/g  wireless  radio  card  can  "see"  a 
potential  parent  downlink  to  connect  to.  The  radio  card  utility  must  show  at  least  one  11a  downlink  (below) 


in 


Figure  11.2 


S%\clur«dM««h 

Slrucfur«dM«ih 

$»iClur«dM#4h 


r  wtp 


Laptop  Radio  Card  should  show  ROOT  Downlink 
near  Relay  Node  Uplink  Antenna  location 


If  the  relay  uplink  antenna  cannot  ''see"  a  parent  downlink,  it  cannot  "connect"  to  it!  Check  if: 


•  The  antenna  placement  for  the  uplink  and  downlink  on  all  nodes  are  as  shown  In  Fig  9.1 

•  The  node  uplink  antenna  is  of  the  right  type  for  the  backhaul  frequency  band 

•  The  parent  downlink  antenna  Is  of  the  right  type  for  the  backhaul  frequency  band 

•  The  antennas  connections  for  uplink,  downlink  and  service  are  as  described  earlier 

•  The  relay  uplink  and  parent  downlink  antennas  are  approximately  at  the  same  height 

•  The  relay  uplink  and  parent  downlink  antennas  are  both  aligned  to  the  vertical 

•  There  are  no  obstructions  between  the  two  antennas  (clear  line  of  sight) 

•  There  are  no  high  voltage  or  other  RF  interference  sources  near  the  relay 

•  The  antennas  are  not  within  1  meter  (3  feet)  of  any  metal  structures 

•  If  unit  was  field  upgraded:  check  If  pigtails  are  firmly  connected  to  the  radios. 

•  If  unit  was  field  upgraded:  check  if  pigtails  are  not  damaged,  using  an  ohm  meter. 
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Troubleshooting  Basics 


These  frequently  asked  questions  were  compiled  by  our  Tech  Support. 

Please  contact  your  applications  engineer  If  you  have  questions  not  addressed  here. 

Q.  Can  the  NMS  be  running  in  the  field  over  a  wireless  connection? 

A.  Yes,  connect  your  radio  card  to  the  SSID  of  either  the  downlink  or  service  radios  to  receive  node  heartbeats 

Q.  The  Root  Node  does  not  show  on  the  NMS. 

A.  There  could  be  many  reasons  for  this:  Rrst  the  "Root"  did  not  detect  the  Ethernet  connection  from  the  switch 
and  therefore  configured  itself  as  a  relay,  in  search  of  a  root.  Replace  the  Ethernet  cables  and  reboot  the  node. 
The  second  possibility  is  that  the  root  node  is  Indeed  "up"  (as  seen  by  a  radio  card,  Rg  11.2)  but  the  heart  beats 
to  the  NMS  are  being  blocked  by  a  firewall  on  the  computer. 


Q.  The  Relay  Node  does  not  show  on  the  NMS. 

A.  The  Relay  node  uplink  radio  has  to  "hear'"  the  Root  node  downlink  radio.  The  beams  from  the  antennas  have 
to  Intersect  each  other.  The  heartbeats  show  signal  strength  and  transmit  rate  from  parent  to  child  node.  Set  the 
heartbeat  rate  for  the  relay  to  1  sec.  Align  the  relay  antenna  based  on  the  changes  to  the  signal  strength  shown 
by  the  heartbeats  Repeat  the  steps  above  with  the  Root  Node  -  setting  its  heart  beat  to  1  second  also. 


Note:  Rotate  omni  directional  antennas  during  alignment. 
Sometimes  the  "wire"  is  not  well  aligned  inside  the  tubing. 


1“*^ 

1 

1  sec.  Heartbeat  Updates  For  Alignment 

Q.  The  laptop  connects  to  the  node  but  the  signal  strength  is  weak. 

A.  Recall  that  the  factory  default  SSID  setting  for  both  802.11a  downlinks  and  802.11b  service  radios  is  the  same: 
Structured  Mesh.  Your  computer  may  not  be  connecting  to  the  nearest  radio.  Change  the  SSID  on  the  radios:  e.g. 
Relay80211A,  Relay802.11b,  connect  to  the  radio  of  Interest  and  then  check  signal  strength. 


Q.  The  laptop  connects  to  the  node  but  range  is  less  than  expected. 

A.  The  2.4Ghz  service  radio  supports  3  modes:  802.11b  only,  b  and  g,  g  only.  802. llg  provide  more  bandwidth, 
than  802.11b  but  at  the  cost  of  range.  Change  the  settings  from  the  NMS  to  b  only,  if  more  range  is  needed.  Also 
the  radio  power  settings  slider  bar  should  be  at  100%. 


Q.  The  Root  and  Relay  work  well  at  short  distances  but  not  as  the  distance  is  increased. 

A.  The  most  common  cause  is  poor  antenna  alignment.  The  signal  Is  weaker  at  longer  distances  and  the  effect  of 
misalignment  more  pronounced  (above).  Check  cables,  radio  pigtails  also,  in  case  of  field  upgrades. 

Q.  The  overall  throughput  is  poor,  despite  a  good  signal  strength  between  backhaul  radios. 

A.  Bandwidth  reduces  with  retries.  Retries  occur  when  packets  are  not  correctly  received.  This  could  be  due  to 
external  RF  Interferences.  Move  the  antennas  to  another  location  or  change  the  channels  manually  to  see  If  that 
helps.  For  long  range  (beyond  IEEE  802.11  default  settings)  change  ACK  timing  for  both  downlink  and  uplink. 

If  your  question  is  not  addressed  above  piease  do  email  us  at  techsupport@meshdynamics.com 
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Adding  or  Changing  Radios 


Under  normal  circumstances,  there  should  be  no  reason  to  open  the  module.  This  page  addresses  cases 
where  lower  power  radios  are  being  replaced  with  higher  power  units  or  a  4rth  radio  is  added  (see  C,D  below). 


UPLINK  m  DOWNLINK 
RADIO  11a  ■  RADIO  11a 


CTT 


DOWNLINK 

ANTENNA 


This  end  Ethernet  Ports 


Rgure  13.1 


Radios  are  replaced  when  radio  output  power  has  to 
be  increased  (for  more  range)  or  when  a  4^  radio  is 
added  for  mesh  node  nx)bility-  the  scanning  radio. 

A.  Replacing  Uplink  and  Downlink  Radios 

1.  Remove  all  power  and  wait  for  10  seconds. 

2.  Release  any  static  before  opening  the  box 

3.  Remove  the  upper  lid  from  the  box 

4.  Disconnect  the  pigtails  by  applying  low  pressure 

5.  Replace  radios.  Locations  shown  on  left. 

6.  Snap  in  pigtail  connections 

7.  Attempt  to  pull  off  the  pigtail,  it  should  be  secure. 

8.  Re-fasten  the  upper  lid. 


B.  Replacing  the  Service  Radio 


Rgure  13.2 


1.  RerTX)ve  all  power  and  wait  for  10  seconds. 

2.  Release  any  static  before  opening  the  box 

3.  Remove  the  upper  lid  from  the  box 

4.  Remove  pigtails  for  the  uplink  and  downlinks 

5.  Remove  the  4  screws  holding  down  the  board 

6.  Turn  the  board  over,  (as  shown  left) 

[/^er/fy  that  Ethernet  ports  are  on  the  Bottom  Right. 

7.  Disconnect  the  pigtails  by  applying  low  pressure 

8.  Replace  radios.  Locations  shown  on  left 

9.  Snap  in  pigtail  connections 

10.  Attempt  to  pull  off  the  pigtail,  it  should  be  secure, 

11.  Screw  the  board  back.. 

12.  Snap  back  the  pigtails  for  the  backhaul  radios. 

13.  Re-fasten  the  upper  lid 


C.  Adding  a  4ith  Radio  for  Mesh  Mobility 

Refer  to  Section  B  above  and  Rgure  on  left. 

D.  Adding  a  4rth  Radio  for  2  Downlinks 

Refer  to  Section  B  above  and  Figure  on  left. 
Assumes  sectored  Antennas  being  used. 
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Adding  Diversity  Antennas 


fD«Sft 


Jn  ^  wrJons  the  upBnk-dowrthnk  -vyinetess  connecthrfty  is  weak,  adding  a  amenEia  tnay  hetp  ^ 


DOWMLCWK 

DIVERSm 


Addbng  Diversity  Downlink  for  Root  Nodes 

Rsr  root  netdesj  adding  a  diversify  downlink  antennas 
Impro-ves  tfie  backhaul  link  to  r€lav  nodes.  Tlie  4rtti  N- 
F^male  cormert-er,  tf  unused,  may  be  used  to  this 
purpose  {teft}. 


UPLINK 

DIVEfiSFTV 


UPUNK 

ArfTENhLA 


This  end  Etfiemet  Ports 


Adding  a  Diversity  Uptink  for  Relay  Modes 
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Introduction 


Whether  you  want  to  evaluate  the  performance  of  wireless  LANs  (WLANs)  in  an  informal  way  or 
through  precise  benchmarking  procedures,  the  first  step  is  to  understand  the  factors  involved. 

The  ease  of  setting  up  and  using  WLANs  makes  it  easy  to  overlook  many  crucial  factors  and  their 
resulting  performance  variations.  These  performance  variations  can  be  extreme,  however,  and 
they  make  all  the  difference  in  the  cost,  security  and  viability  of  a  wireless  network. 

This  white  paper  describes  the  factors  that  affect  a  WLAN's  throughput  and  coverage,  then 
provides  a  detailed  methodology  using  NetIQ’s  Chariot  test  tool  for  those  who  want  to  benchmark 
throughput  and  coverage  in  a  disciplined  way. 


An  Overview  of  Throughput  and  Coverage  Factors 

A  WLAN  generally  consists  of  an  access  point  (AP)  that  connects  to  a  wired  network  and 
remote  devices  (client)  that  connect  to  the  access  point  through  wireless  (radio)  links.  Throughput 
is  defined  as  the  speed  with  which  a  user  can  send  and  receive  data  between  a  remote  device 
and  the  access  point.  Throughput  varies  across  the  WLAN's  coverage  area.  This  section  profiles 
the  main  factors  that  determine  WLAN  throughput  and  coverage. 

1. 802.11  Protocol — The  IEEE  802.11  standard  defines  various  physical-layer  rates  for  different 
types  of  WLANs,  such  as  1,  2,  5.5  and  11  Mbps  for  802.11b  and  802. 11g.  Rates  for  802.11a  and 
802.1 1g  include  6,  9,  12,  18,  24,  36,  48  and  54  Mbps.  The  user  throughput  is  less  than  these  link 
rates  for  several  reasons: 

•  Each  packet  includes  additional  data,  such  as  preambles,  headers  (MAC,  IP,  TCP,  etc.) 
and  checksums. 

•  When  every  directed  (unicast)  packet  is  received,  the  receiver  transmits  a  short 
acknowledge  packet  back  to  the  sender 

•  T ransmitters  wait  for  short  random  times  between  packets  to  allow  other  users  to  contend 
for  and  share  the  channel. 

Given  these  reasons,  the  theoretical  maximum  user-level  performance  for  the  various  802  11 
systems  is: 


Number 

of 

Channels 

Modulation 

Maximum 
Link  Rate 

Maximum 
TCP  Rate 

Maximum 
UDP  Rate 

802.11b 

3 

CCK 

11  Mbps 

5.9  Mbps 

7.1  Mbps 

802.11g  (with  lib) 

3 

OFDM/CCK 

54  Mbps 

14.4  Mbps 

19.5  Mbps 

802  11g  (llg-only 
mode) 

3 

OFDM/CCK 

54  Mbps 

24.4  Mbps 

30.5  Mbps 

802.11a 

19 

OFDM 

54  Mbps 

24.4  Mbps 

30.5  Mbps 

802.11a  TURBO 

6 

OFDM 

108  Mbps 

42.9  Mbps 

54.8  Mbps 

Table  1-1  assumes  15QO-byte  packets,  encryption  enabled,  default  802  11  MAC  configurations, 
zero  packet  errors,  and  maximum  available  channel  bandwidth  (that  is,  operating  at  close  range). 
Note  that  some  B02.1 1  implementations  use  tricks  such  as  reducing  backoff  times  between 
packets  to  improve  throughput  performance.  Such  tricks  can  result  in  interoperability  problems 
with  other  vendors'  systems. 
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Table  1-1  also  shows  two  rates  for  802. 11  g  to  account  for  the  lower  rates  in  802. 11  b  compatibility 
mode.  The  thnoughpirt  of  an  802. 1 1  g  WL AIM  decreases  significantly  in  802.1 1b  compatibility 
mode  because  every  802.1 1  g  (OFDM)  packet  needs  to  be  preceded  by  a  CTS  packet  exchange 
recognizable  by  legacy  602  1 1  b  devices  With  no  802  1 1  b  devices  connected,  an  802  1 1g 
network  can  operate  in  llg-only  mode  and  should  achieve  the  standard  throughput  of  802.1 1  a. 
The  current  802.1 1g  draft  standard  also  provides  for  a  slower  RTS/CTS  header  (instead  of  CTS- 
only)  when  in  802.11  b  compatibility  mode,  which  will  further  reduce  the  14.4  Mbps  TCP/IP  rate  to 
11.8  Mbps 

You  therefore  have  two  choices  with  802.1 1g  networks;  You  can  achieve  high  rates  comparable 
with  those  of  802.11a  networks.  Or  you  can  get  802.11  b  compatibility.  You  cannot  have  both  at 
the  same  time. 

Since  the  key  feature  of  802.1 1g  is  backward  compatibility  with  802.11b,  throughput  tests 
should  be  done  with  an  802.11b  client  device  connected  to  the  access  point  but  otherwise 
idle.  This  setup  ensures  that  the  802.1 1g  network  is  operating  in  an  802.11  b  compatible  mode. 

2.  The  radio  environment — Several  issues  affect  the  way  the  radio  signal  travels  from  one 
device  to  another: 

•  Radio  energy  attenuates  when  it  propagates.  As  radio  waves  propagate  outwards 
spherically,  the  energy  spreads  over  an  ever-increasing  area.  In  free  space,  doubling  the 
distance  decreases  the  received  power  by  a  factor  of  4 — the  so-called  1/r2  behavior. 
Radio  signals  also  attenuate  when  they  pass  near  or  through  objects  such  as  floors, 
walls,  furniture  and  people.  The  attenuation  increases  with  the  object's  conductivity  (due 
to  metal  or  water  content,  for  example).  The  combination  of  these  two  attenuation  effects 
reduces  radio  signal  strength  by  1/r3  to  1/r4,  or  even  1/r5.  In  other  words,  each  time  you 
double  the  distance,  the  received  power  might  decrease  by  8  to  16  times. 

•  Antenna  designs  affect  how  much  radio-frequency  (RF)  energy  is  transmitted  or  received 
and  where  it  is  directed. 

•  Scattering  and  multi-path  cause  fading  effects.  Signal  strength  can  change  rapidly  as  a 
function  of  location  because  the  received  signal  is  the  sum  of  potentially  numerous 
signals  scattered  from  nearby  objects.  As  the  transmitter  or  other  objects  in  the 
environment  move,  the  scattered  signals  sometimes  add  together  and  sometimes  cancel 
each  other.  Fading  can  change  significantly  over  distances  of  a  wavelength  or  so 

(1 2.5cm  at  2.4  GHz  and  6  cm  at  5  GHz).  Fading  also  occurs  over  time  as  well  as 
location.  Even  small  changes  in  the  environment  (for  example,  people  or  other  objects 
moving)  can  affect  the  fading  pattern.  This  means  that  the  received  signal  strength  can 
also  change  quite  quickly  over  time,  even  when  the  receiver  and  transmitter  are  fixed. 

•  Scattering  and  multi-path  results  in  delay  spread.  The  received  signal  might  contain 
several  slightly  delayed  copies  of  the  transmitted  signal,  as  the  scattered  signals  travel 
via  different  physical  paths  of  different  lengths. 

•  Other  devices  occupying  the  same  or  nearby  channels  cause  interference.  For  example, 
the  2.4  GHz  spectrum  might  be  occupied  by  Bluetooth  devices,  microwave  ovens,  and 
cordless  telephones. 


3.  Frequency— A  common  misconception  is  that  free-space  propagation  depends  upon 
frequency,  so  higher  frequencies  are  assumed  to  propagate  less  well  than  lower  frequencies. 

As  a  good  counter  example  to  this  misconception,  consider  visible  light,  which  is  simply  an  ultra- 
high  frequency  electromagnetic  wave  that  propagates  perfectly  well  across  large  distances. 
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On  the  other  hand,  effects  such  as  antenna  efficiency,  RF  component  performance,  and 
absorption  through  and  scattering  around  objects  do  depend  upon  frequency.  Here  are  some  of 
the  frequency-dependent  effects: 

•  Generally,  antennae  of  the  same  physical  size  tend  to  become  more  directional  (have 
higher  gain  in  some  directions  and  less  in  others)  as  the  frequency  increases.  Advantage: 
5  GHz. 

•  Absorption  due  to  propagation  through  objects  tends  to  increase  with  frequency. 
Advantage:  2.4  GHz. 

•  Scattering  around  objects  might  have  a  positive  or  negative  effect  on  signal  strength  as  a 
function  of  frequency,  depending  upon  the  relative  sizes  and  locations  of  the  objects. 
Advantage:  Neutral. 

•  Noise  and  spurs  generated  by  nearby  electronics  (for  example,  inside  the  AP  or  PC 
laptop)  in  addition  to  co-channel  interference,  such  as  Bluetooth  devices,  cordless 
phones  and  microwave  ovens,  will  degrade  2.4  GHz  sensitivity  more  than  5  GHz. 
Advantage:  5  GHz. 

•  Cable  loss  increases  with  frequency,  so  antenna  cables  (if  present)  in  the  AP  or  laptop 
will  have  more  loss  at  high  frequency,  unless  more  expensive  cables  are  used. 
Advantage:  2.4  GHz. 

In  more  open  environments,  there  will  be  little  difference  between  2.4  GHz  and  5  GHz 
propagation.  For  example,  measurements  of  2.4  GHz  and  5  GHz  propagation  done  by  WJ 
Communications  in  two  indoor  environments  show  little  difference  between  2.4  GHz  and  5  GHz 
propagation  See  the  full  paper  at 

http;//www.  watkins-johnson.corn/pdf/techpubs/lndoor_prop_and_8G21 1 .  pdf 

Typically,  the  OFDM  modes  of  2.4  GHz  802. 11g  networks  will  have  slightly  less  coverage  than 
2.4  GHz  802. 11b  networks.  Depending  upon  the  propagation  environment,  the  coverage  of  5 
GHz  80 2. 11  a  networks  might  be  similar  to,  or  In  some  cases  less  than,  that  of  802. 1 1g  networks. 
The  differences  between  2.4  and  5  GHz  propagation  are  generally  insignificant  compared  to  the 
differences  between  one  vendor's  equipment  and  another's,  however.  An  802.11a  product  from 
one  vendor  might  have  better  coverage  than  an  802.11  g  product  from  another  vendor. 

4.  The  vender  equipment  design — Equipment  from  different  vendors  exhibit  significantly 
different  performance  due  to  architecture,  design,  manufacturing  and  software  variations,  as  well 
as  proprietary  features  and  enhancements. 

5.  Vendor  interoperability — Products  that  undergo  Wi-Fi  certification  are  certified  to  interoperate 
with  a  wide  variety  of  vendors'  products.  However,  these  tests  mainly  verify  basic  connectivity 
and  do  not  enforce  stringent  throughput  requirements  You  might  be  able  to  connect  a  client 
device  to  a  different  vendor's  access  point,  but  you  might  not  be  getting  very  high  throughput. 
Products  that  provide  good  performance  (throughput,  coverage,  etc.)  when  connected  to  a  variety 
of  different  vendor's  devices  are  clearly  more  desirable. 

6.  Security— Security  includes  encryption  and  authentication.  Encryption  protects  WLAN  traffic 
from  eavesdropping  and  other  attacks  such  as  replay  or  man-in-the-middle  attacks. 

Authentication  validates  the  users'  credentials  (ensuring  that  the  user  is  who  they  say  they  are) 
and  also  possibly  validates  the  network's  credentials  (ensuring  that  the  network  is  what  it  says  it 
is,  and  not  someone  masquerading  as  the  network). 
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WLAN  security  standards  have  progressed  from  WEP  to  TKIP  and  WPA  and  now  to  AES  (the 
Advanced  Encryption  Standard),  with  significant  security  enhancements  at  each  stage.  No  matter 
what  security  standard  is  involved,  the  way  the  standard  is  implemented  can  affect  the  WLAN's 
performance.  Specifically,  some  vendors  implement  encryption  in  software,  which  can 
dramatically  reduce  throughput  compared  to  advertised  rates.  When  evaluating  performance,  it  is 
vital  to  measure  throughput  with  encryption  enabled.  For  more  details,  see 
http://www.atheros.com/pt/atheros_wlansecurity.  pdf. 


Measuring  Throughput  and  Coverage 

The  throughput  of  WLANs  depends  heavily  on  the  environment,  including  the  distance  between 
the  client  and  the  access  point.  The  throughput  generally  falls  off  as  distance  increases,  but 
factors  such  as  obstructions  (like  furniture,  people,  or  walls  of  different  construction)  also  have  a 
significant  effect.  Throughput  does  not  depend  upon  distance  alone.  It  is  possible  to  have  distant 
test  locations  that  produce  higher  data  rates  than  closer  locations.  Moreover,  the  peak  data  rate 
measured  at  short  distances  is  not  the  most  important  factor  in  the  user's  experience.  Rather,  the 
rate  the  user  experiences  at  a  variety  of  distances  and  locations  is  a  very  important  factor. 
Therefore,  it  is  critical  to  measure  WLAN  throughput  at  a  variety  of  locations,  including  some  far 
from  the  access  point. 

WLAN  environments  generally  fall  into  three  categories: 

•  Outdoor:  typically  a  direct  line  of  sight  between  the  access  point  and  client.  Examples 
include  outdoor  campus  coverage,  public  areas,  or  even  inside  large,  open  buildings 
such  as  airport  concourses  or  convention  halls. 

•  Open  office:  no  longer  a  direct  line  of  sight  between  the  access  point  and  client,  but 
typically  at  most  two-to-three  obstructions  such  as  walls.  Examples  are  warehouses  or 
offices  containing  cubicles,  lobbies  and  meeting  areas. 

•  Closed  office:  no  direct  line  of  sight,  with  many  obstructions  between  the  access  point 
and  the  client.  Examples  are  buildings  with  regular  offices  and  many  walls. 


WLAN  coverage  differs  significantly  in  these  different  environments.  Outdoor  WLANs  provide  the 
longest  ranges  and  closed-office  WLANs  the  shortest.  Different  construction  techniques  also 
have  a  significant  impact  on  coverage  and  throughput.  For  instance,  concrete  walls  attenuate 
signals  more  than  stud  walls  with  sheet  rock.  In  general,  the  relative  performance  and  throughput 
for  different  products  under  test  should  be  similar  across  the  different  environments.  So  if  Vendor 
#Ts  product  is  significantly  better  than  Vendor  #2's  in  an  open-office  environment,  it  is  highly 
likely  (although  not  guaranteed)  that  it  will  be  significantly  better  in  other  environments.  It  is 
possible  (although  more  time  consuming)  to  test  products  across  several  different  environments 
to  accurately  determine  the  relative  performance. 

Chariot  from  NetlQ  can  be  used  to  measure  the  throughput  the  user  will  experience.  Typically 
Chariot  is  used  to  measure  TCP  throughput  in  megabits  per  second  (Mbps)  in  either  the  uplink 
direction  (for  example,  upload  from  the  client  to  the  AP)  or  downlink  direction  (for  example, 
download  from  the  AP  to  the  client).  Downlink  TCP  performance  is  the  most  relevant  metric,  since 
it  reflects  the  most  common  usage  such  as  browsing  the  web  or  downloading  email. 

Some  applications  like  video  streaming  use  a  simpler  protocol  called  UDP  or  RTP.  Generally, 
UDP  performance  numbers  will  be  15-20  percent  higher  than  TCP  performance  numbers 
because  there  is  less  protocol  overhead  associated  with  UDP. 
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Refer  to  Appendix  A  for  details  on  test  setup. 

Test  Setup 

The  first  step  is  to  decide  which  products  will  be  tested  and  which  access  points  will  be  tested 
with  which  client  cards.  The  natural  test  configuration  is  to  pair  the  access  point  and  client  from 
the  same  vendor.  However,  it  is  also  important  to  assess  how  well  a  client  card  performs  with 
other  vendor's  access  points,  since  many  users  will  use  their  client  devices  in  many  different 
networks. 

An  example  of  test  configurations  with  natural  pairing: 

•  Test  1 :  Vendor  1  access  point  with  Vendor  1  client. 

•  Test  2:  Vendor  2  access  point  with  Vendor  2  client. 

•  Test  3:  Vendor  3  access  point  with  Vendor  3  client. 

An  example  of  test  configurations  where  just  client  devices  are  being  tested  against  a  3rdparty 
access  point: 

•  Test  1 :  Vendor  4  access  point  with  Vendor  1  client. 

•  Test  2:  Vendor  4  access  point  with  Vendor  2  client. 

•  Test  3:  Vendor  4  access  point  with  Vendor  3  client. 

An  example  of  test  configurations  where  interoperability  is  being  tested: 

•  Test  1 :  Vendor  1  access  point  with  Vendor  1  client. 

•  Test  2:  Vendor  1  access  point  with  Vendor  2  client. 

•  Test  3:  Vendor  2  access  point  with  Vendor  1  client. 

•  Test  4:  Vendor  2  access  point  with  Vendor  2  client. 


The  second  step  in  designing  the  test  procedure  is  to  choose  a  set  of  test  locations: 

Select  a  test  location  for  the  access  point.  Ideally  the  access  point  should  be  located  high  above 
the  floor  and  away  from  immediate  obstructions.  Most  importantly,  use  exactly  the  same  access 
point  location  for  each  product  tested. 

•  Select  a  channel  for  testing,  and  verify  that  the  RF  environment  on  the  selected  channel 
is  clear.  Use  a  sniffer  or  client  device  to  check  that  there  are  no  access  points  or  ad-hoc 
networks  located  on  the  same  channel  throughout  the  test  area.  For  11  b  and  1 1  g,  this 
means  no  overlapping  channel;  channels  with  number  spacing  of  4  or  less  overlap  and 
cause  significant  in-band  interference.  For  example,  2.4  GHz  channel  1  overlaps  with 
channels  2,  3,  4,  5,  and  channel  6  overlaps  with  channels  2,  3,  4,  5,  7,  8,  9  and  10.  For 

1  la  the  standard  54  Mbps  channels  do  not  overlap. 

•  Select  at  least  eight  test  locations  at  a  variety  of  locations  and  distances  from  the  access 
point  (see  Figure  1  -1).  At  least  one  test  location  should  be  at  the  limit  of  coverage.  (If  you 
later  discover  that  one  product  under  test  has  much  better  coverage  than  initially 
expected,  then  additional,  more  remote,  test  locations  need  to  be  added  and  the  earlier 
tests  with  the  other  equipment  to  be  repeated  at  these  new  locations.) 

•  All  wireless  LANs  have  a  limit  on  signals  that  are  too  strong.  Some  WLAN  products  may 
actually  produce  low  data  rates  at  very  close  ranges  (for  example,  less  than  3  feet). 
Therefore,  the  closest  test  points  should  be  no  less  than  5  feet  apart. 
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The  key  criterion  is  repeatability.  For  each  product  under  test,  the  access  point  locations, 
software  setup,  channel  used,  overall  environment,  test  procedure  and  test  locations  should  be 
the  same.  Environmental  repeatability  is  generally  improved  if  the  tests  are  done  backto-  back,  for 
example ,  over  as  short  an  elapsed  time  as  possible. 


Location  1 


Location  2 


Figure  1-1.  Typical  Rang^  and  Throughput  Setup 

At  each  location,  make  a  minimum  of  three  measurements  so  you  can  average-out  some  ofthe 
local  radio  fading  effects  by  repeating  a  measurement  with  a  small  shift  in  the  test  laptop's 
location.  This  strategy  improves  the  test's  repeatability  and  makes  the  results  less  prone  to 
"lucky"  or"unlucky"  measurements  each  time  the  test  is  repeated. 

Thus,  at  each  test  location,  repeat  at  least  three  times: 

•  Measure  the  downlink  and  uplink  TCP  (and  optionally  UDP)  throughput. 

•  Displace  the  test  laptop  by  about  one  wavelength  (that  is,  between  1 2.5  cm  at  2.4  GHz 
and  6  cm  at  5  GHz)  and  repeat.  Alternatively  (or  additionally),  rotate  the  laptop  by  45 
degrees  or  more. 

As  different  products  are  tested ,  use  the  identical  procedure  (test  setup,  software,  locations  and 
displacements  or  rotations). 


Test  Procedure 

Putting  all  the  previous  steps  together,  the  overall  test  procedure  is:| 

1 .  Setup  test  #1 :  Install  the  access  point  from  Vendor  #1 ,  and  client  card  #1 . 
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2.  Go  to  the  first  test  location  and  make  at  least  three  measurements,  moving  the  location 
and/or  orientation  of  the  laptop  slightly  between  measurements. 

3.  For  each  location,  record  the  throughput  (TCP  downlink,  TCP  uplink,  and  optionally  UDP 
downlink  and  uplink)  for  each  run.  Record  the  test  locations  on  a  floorplan. 

4.  Repeat  steps  2-3  for  each  test  location. 

5.  Repeat  steps  1  -4  for  each  different  equipment  configuration. 

Performance  Metric 

A  combined  metric,  or  score,  of  throughput  and  coverage  can  be  computed  from  the 
measurements.  Both  high  throughputs  and  large  coverage  areas  are  desirable. 

The  metric  should  be  proportional  to  the  measured  throughput.  For  example,  if  one  product 
produced  exactly  twice  the  throughput  at  each  location  compared  to  a  second  product,  its  metric 
is  twice  as  large. 

The  metric  should  also  be  proportional  to  the  coverage  area.  For  example,  if  one  product 
provides,  say,  10  Mbps  over  a  certain  area  (and  no  connection  outside  this  area),  while  a  second 
product  provides  10  Mbps  over  twice  the  area  (and  no  connection  outside),  then  the  score  of  the 
second  product  is  twice  the  first. 

To  compute  this  metric,  compute  the  average  throughput  of  the  three  (or  more)  measurements  at 
each  test  location.  Also,  compute  or  measure  the  straight-line  distance  in  meters  from  each  test 
location  to  the  access  point. 

The  performance  metric  is  the  sum  over  locations  of  the  throughput  Mbps[i)  multiplied  by  the  ring 
area  over  which  that  throughput  is  achieved: 


Performance  Metric  =  /O  ^  ^  ^^  A^hps  (j )  [r  ^  (/)  —  7'^  (/  —  l)| 


n  is  the  number  of  locations  at  which  measurements  were  made.  The  range  r(i)  is  squared 
because  area  is  proportional  to  the  square  of  the  distance  The  normalization  factor  0  001  is 
included  to  make  the  end  figures  more  tractable  The  area  of  the  previous  range  r(i-1)  is 
subtracted  from  the  current  range  to  obtain  the  ring  area  As  a  rule,  r(0)  is  the  origin  and  has  zero 
value. 


AP1  AP2 

Figure  1-2.  Same  Throughput  Over  Different  Coverage  Radii. 
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/\s  a  nrst fiKarr^,  constder  two  pc\m,AF\  and  AP2  (see  Frgur^  i-2).  Both  j^fovrtte 
20  Mbp«  c^eragfr  up  b  a-  carta  m  point  and  drop  oTT  art#r  ihst  porri  lo  mis  casa. 

ihere  is  on*y  t™  me-as^jr&mem  hJcatHor^  so  n  ■  1  Assi^me  that  ihe*  range  erf  ooveratge  for  a 
10  mefters.  wnile  inert  for  AP2  ta  i  meflers  Tne  perfonngrice  metric  foF  APi  ss  20,  while  the?  for 
AP2  is 4.0  Tnte  metric  K  oqnei^len  wrtM  Ehefai^  inat  AP^  prcivide^  t^ce  the  coverage  ae 
dceslhe  API 


AP1  AP2 

L-J.  DiFRri'nl  I  hrmicfiput  Ova’  hirfETii^l  Clover Kadii. 


Consider  a  second  e>: ample  m  which  APi  prcwidee  nigher  averege  thncwghpji  at  eiCKW  range  but 
smetler  overall  coverage  area  thar^  AP2  does  {see  Figure  1-3)  Specdical^,  the  average 
tfreug^pDut  ail  \hR  va-noLE  fange&  are  as  folio wb; 


Me^-wircmr^l  \^t€A 


n 


») 


IK 


IS 


rf.n  IWJ 


ll¥ 


The  performarsco  meinc  for  API  i^ 0001  ( [20{3O2'  Crj  + 15(702  -  302)  ^  0(1  (X)2  -  702)]  ■  70  The 
pertnmHTice  meiriG  AP2  b  [>0m;  ( [10(302  -  0)  1 13(702  -  302)  t  IDi;  1002-702)]  ^  119.Z 

THUS,  sifl  pefTormanee  metric  t*  truty  a  runctwmorbflin  avamge  Uif-outg^piA  and  rar^.  Ai  the  far 
ed!^  of  covefag&,  e>«iria  range  contribute*  grsaity  1&  the  perfornwre®  meinc.  due  to  in®  squared 
depende-ncy  What  ihe  perTomiance  metric  ie  IrxJy  rjaffTtifying  ie  syetem  capacity,  lhat  e,  a 
syEierrlfs- abi\^  tP delivef  hgh  d ata  la  tes  acn^sS  ae  widle  an  a rea  aE  pcEsible  :ln  Ihe  abdv^ 
ejrampi*,  AP2  cleavers  far  greater  syssemeaiacity  because  ol  nsesdended  range  er  coverage, 
thbug^  Its  average  rate#  ar-e  lower  than  ihM*e  erf  a  Pi 
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Appendix  A:  Chariot  Test  Setup 


A  common  step  that  should  precede  any  of  the  steps  outlined  below  is  a  wired  throughput  check. 
A  crossover  Ethernet  cable  should  be  used  to  connect  the  server  PC  and  the  laptop  being  used 
for  range  testing.  In  this  way,  the  performance  of  the  peripheral  busses  on  the  PCs,  as  well  as  the 
functionality  of  the  test  programs,  can  be  verified.  A  100-Mbps  Ethernet  connection  should 
register  TCP  throughput  of  85-90  Mbps  in  this  configuration.  Verification  of  this  increases  the 
confidence  that  the  performance  of  the  wireless  link  is  not  affected  by  host  hardware  issues. 

Furthermore,  the  server  PC  should  reside  on  an  independent  subnet  or  network  from  the 
corporate  network.  This  ensures  that  the  server  PC-to-AP  connection  is  not  affected  by  traffic 
outside  of  the  test  setup 

Chariot  can  then  be  used  to  measure  the  throughput  that  can  be  expected  by  the  user  of  the 
wireless  network.  Through  the  use  of  application  scripts,  Chariot  generates  network  traffic  and 
measures  performance  metrics  such  as  throughput  and  response  time  across  a  range  of 
protocols,  including  TCP,  UDP,  RTF,  and  IPX. 

Chariot  generates  traffic  using  skinny  software  agents  called  Performance  Endpoints  Therefore, 
setup  of  the  Chariot  test  environment  requires  the  installation  of  an  Endpoint  at  the  server  and  the 
client.  The  Chariot  console  should  also  be  installed  on  the  client  to  control  the  test  and  to  collect 
and  display  the  results.  NetIQ's  Performance  Endpoints  can  be  downloaded  from 
http:/Avww. rtetiiq.com/suppDrt/pe/pe. asp.  Once  the  Endpoints  have  been  installed^  only  the  IP 
addresses  of  the  Endpoirits  need  to  be  entered  into  the  Chariot  environment  for  test  runs  to 
begin. 

Chariot  ships  with  default  test  scripts  denoted  by  the  .scr  suffix  They  serve  as  the  starting  blocks 
with  which  to  build  customized  test  scripts.  In  particular,  the  scripts  File rcvl  scr  and  Filesndl.scr 
are  useful  for  testing  sustained  throughput  perforrnance  with  large  amounts  of  data  transfer. 

One  of  the  key  features  of  Chariot  is  the  ability  to  view  the  time  series  of  the  measurement 
parameter  under  consideration.  An  example  screen  shot  capturing  throughput  perfornrance  is 
shown  in  Figure  1-4. 


Fijjuri?  1-4.  NellQ  Cfiariirt  Throughput  Test 
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In  your  testing,  you  will  likety  want  to  compare  different  wineiess  techriologies  or  the  throughput 
achievect  between  different  combinations  of  clients  and  access  devices.  The  Compare  Test 
feature  in  Chariot  (see  Figure  1-5)  makes  comparisons  simple  and  straightforward 
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Figure  1-5.  Comptirison  of  multiple  Chariot  test  results 


For  more  information  about  Chariot,  or  to  request  an  evaluation,  go  to 
htlpy/Wwwnetiq  com/products/chr/ or  contact  your  local  NetiQ  reseller 
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NOTE:  This  document  may  be  updated  periodically.  Please  check  the  Atheros  or  NetlQ  web  sites 
for  the  latest  version. 
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Subject  to  Change  without  Notice 

The  information  in  this  document  has  been  carefully  reviewed  and  is  believed  to  be  accurate. 
Nonetheless,  this  document  is  subject  to  change  without  notice.  Atheros  and  NetlQ  assume  no 
responsibility  for  any  inaccuracies  that  may  be  contained  in  this  document,  and  makes  no 
commitment  to  update  or  to  keep  current  the  contained  information,  or  to  notify  a  person  or 
organization  of  any  updates.  Atheros  and  NetlQ  reserve  the  right  to  make  changes,  at  any  time, 
in  order  to  improve  reliability,  function  or  design  and  to  attempt  to  supply  the  best  product 
possible. 

Atheros  and  the  Atheros  logo  are  registered  trademarks  of  Atheros  Communication,  Inc.  All  other 
trademarks  mentioned  in  this  document  are  the  property  of  their  respective  owners. 

Chariot,  NetlQ,  and  the  NetlQ  logo  are  trademarks  or  registered  trademarks  of  NetlQ  Corporation 
or  its  subsidiaries  in  the  United  States  and  other  jurisdictions. 

All  other  company  and  product  names  mentioned  are  used  only  for  identification  purposes  and 
may  be  trademarks  or  registered  trademarks  of  their  respective  companies. 
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APPENDIX  D.  KESTREL  SPECS.PDF 
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APPENDIX  E.  KESTRAL  4000-V.4.10 


m 


Pocket 


Kestrel  4000  Pocket  Weather"  Tracker" 

FRONT 


MODE  eunoNS 
Pwis  \o  chimge  mode  of 
lTHe^su^emefl^s;  Cunreri't 
Min/Max/Avg,  Chart. 


COMMAND  BUTTON 

(n  Chart 

to  dais  pa  In  Is. 

In  Setup  Menui^ 
la  make  sdetiFan. 


MANUAL  MEMORY  BUTTON 

Pr* SS  To  manual^  iiure  durrciil 
condilidns  la  memary. 


BACKLIGHT  BUTTON 

to  aOivate 

backlighc  far  1  minute. 


POWEWSETUP  BUTTON 
Hold  lu  turn  power  an  or  ofl.  PrieM 
to  enter  and  exit  Main  Setup  Menu. 


Kestrel' 4000  Pocket  Weathe^ 

BACK 


IMPEUEA 

Sapphire  jewel  bearings 
on  a  user-rtTpSaceable 
Impeller. 


IMPELLED  COVER - 

Swivel  (over  pfolecu 
Impeller  when  rml  In  use- 


DATA  UPLOAD  OPTICAL  COUKEH 
Sof  Iwaie  and  serial  port 
interface  sold  separately, 


BATTERY  DOOR - - 

Sealed  with  e-ring  to  keep, 
producl  walertipht. 


:,LU- 


Tracker' 

TEMPERATU  RE  SENSOR 
Hermetically  sealed 
precisian  thermiitOr 
ceiled  la  isolate  frnm 
case  temperaiure. 

HUMItHTY  SENSOR 
Capacitive  sensar  with 
secondary  thermiscar  m 
improve  accuracy  and 
response. 

SERIAL  NUMBER 


PRESSURE  SENSOR 

Mpnalitbic  sillcprt 
ptezoresiitive  sensor. 


-2  AAA  BATTERIES 


C-nnorjitVlinorn,  wi  ktw  purchase  pf  yam  Hnlrel  VOOe  F^>rtBr  OVHhei  IrtdmrT  Ihr-  BtVtel  KOO  n  the  n«A  peneiillor.  at  Ymttwf 

^  rmMJie  MfW  niriB*  ew«ni»»tt(il  cwid^i^  rv>ai(.*()ruimrrj  jod  tiqt*  ^  rlw  e**»n  Pf  iw  imr^l 

u  uw  tHHl  tlw  QiiU.  Scon  CphI  will  hotp  ^  ypu  mrlKth  iHHflng  A*  mmuakHi 
c4  Wipfli  U*eft  potertltot 

NIC  enieHa^uvi  of  Koiiiel  WMdHd  Uemii,  |t  ra  ■niiurr  utd  prtnU*  tupporc.  Cboimt  NK.  bf  fthoeto: 

Sie,44r.i5S5.  6IM4r.1577,  -  -  -  -  - - - 


Tabie  of  Contents 


OeOlpg  Sterted 


BinMy  InmD^kdn 

□iwan 

totp  and  time  Set  UV 
SflPMI  Nihri^hin 

MixSm 

Chuirii 

Spend  rvocDcm 
Utea  SneeiH 


In  Setup  h/teiHi 
AfWUiadon  EumsiSts 


fiiTuy  Oer^ufe  SMTlnpi 

KUtiirwd 

Speotkelkm, 


[4 

IS 

t-s 

l*-11 


95 


Wtifl  Md  ntH;l(  EingpNlE  wtd  vnil  pcLdi  tuw  iwfi  p<'dvldt<l  Tq  imuI  ihf  linj^A  ihf  iKn  fntf  t$  fw 
Imyjiil  uamd  Oi*  (nrul  poft  on  Ihi  tdlmy  door  (k  ihown  In  dagoin].  Fttd  th*  ilikk  (nd  d  di*  bnfjid 
Ikotioh  It)*  bd0  thi  idlh  End  Uil^  CumorE  [*ii  t^p. 

SatiETf  InftdnUoa 

Vt*  JUU.  tuntvfMi.  Insul  bitiHifE  k  lodiCJUd  on  it)f  bittKy  dooE-  ^tf i  biEtiltng  lf>f  botifnt^ 
^ntiEl  4dcn  vdl  -Hihinijlkjt^  iCin  fe)  the  Dah  ind  Thw  fcttinp  rriOElr.  (Sn  DeIe  and  1ln>E  SrUip 

CinUm  IrlSTi^  a>id  ieIMiC  dlB  wll  bf  FiMd  dirtng  *  baiCtfy  ChtnOsjnnlir  ihr-  dbCE/tW  and  MliU  vitim  WN 

b»  IHL 

Turning  Ih*  HUni  4Hn  ON  and  OFF 
QNi  htss  Eht  0  iHRilDn. 

OFF:  HoOJ  Tt)t  0  buncir  tor  tm  uto^F  04r  P<ke  O  buttcix  itHW  pmi  dw  —  burton  wcti  tfi*  wntd  OFF 

vdl  ipanltoHM  In  BtrtnnHhnaBj  dipi  diLi  '■tiHi  ttw  nowm  li  brad  J 
Oriv  and  Tli^ 

iha  fuM  itoM  ilwi  i«u  iwn  jaf  K*wH  4O0a  tt  wH  ai  ait«r  a  binin'  44^.  inii  hood  ke  hi  [h*  4Iim 
told  tOM  tht  toiHHhtoDafi  BfZHn  wfl  ippato  (or  3  lotcndi,  ioltovatd  b/  iba  piEfFnni*  'S«im|]  Edom  Piofe  1h 
A  ind  T  buttoni  to  Boot  VifDugK  lha  HMtogE  hiEEUbtd  vd  btudtcinEliaiobl  ttpnughlhaiar' 

Ahto  ineifing  ih»  dibt  Hid  bma,  praa  itH  0  button  to  oun  ib*  CltoijtlnM  totuti.  Fb«t>  pitiE  it 
jgato  to  out  tha  lUn  iriito  MmiL 


Navigation 

Itw  KiEtrol  4000  ti  oft  up  to  dapb^  Fb  MmuRiniEntE  Itomi  a<*  jctualy  rtoodibonal  in  J  ItodEi.  tli*  JHaouFonenn  v*  HEid  cr  di* 
Hnlt  pogF  wtth  dMi  iCEFiriponda>9  Ktnb  VEin.  Utw-  Itn A  and  A  ttoltori  to  itrull  dvuui^  Iba  itolnn  MEaubEmantF 
!ht  AtodWtoi: 

CuonnC  -dHcAOirl.  Uto  bitUnEtoiOiHiE  n«dlnc| 

HlikFMu/Aiff  '  dlEpl^fE  tbf  IrilnlmiimFMailmumtAHfaM  fFbdmgE  frwn  Etortd  dito 

CboFi  -  ditoiaxh  t  EOptiiontoiM  tf  i«  H  im  tMtod  doM  (Hhn  9tth  ftHamtEbiftiL 

iKinHAt  Mth  bf  tbrto  Krotrn  wt  ihMtoi  M  th*  nni  bafi*.  Uw  i»H  -I  and  K  biii»to  to  toicd  thtoufh  [b*  wtoui  Mbd«i 

to  addiUon  to  IbEH-  hlHUJtonHtl]  amt  Uodai,  Ibw*  ara-  aim  J.  Uiw  Smwia,  wtWeb  ilniultin«ial|r  toow  3  numtl  mf  BUMimanbi 
4m  pa^i  b  and  !  I  fei  mom  ■diFmjbiinlc  tobS  to*  Doto  £  H™  feiEEn.  mbkh  (F»t  tot  cuimi1/l  dato  and  Wtit 


PtVEE  dbi  —  buTum  u  muti  mtha  Oun : 
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Functions 


Vtof  $<1*0*1 

Iht  Ktilrtl  aExXFbai  Itom  VlOf  Icrttnl  HlMhtan  bt  oustonilL»d  to  diipligr  tomtuirtnl  pnrtnirtinvnCi 
dmaiinwMtiy.  l$a*  bw  1 1  rv  «iw  innigctionttl 
HtouMn/kvj  tnf  Wlml  ip^  and  Wind  CliHI 
Tb«  MmMulAig  oHiAa  ha  wm  EpokI  and  Vftod  Qd  H*  mtaatiad  InHptrdtnilJ' ttH  Ewtd  aivl  thwHd  data.  Wbl*  iHwng 
1b<  MoWMbi/Aw  to-rr«ai  lA-  Etlhct  Wind  Sfwcd  or  Wind  Chill,  pm»  Ibt  ■)  budnn  whtni  [h<  xmn  iblpliin  '--avnagt'  1o  begin 
£idlKth0  eIoU  W  boto  totaHbMnftili,  ftoH  Iht  —  bulton  idHb  Iht  xntn  ibiplapE  '-itod'  to  ItoP  itoUttUnp  data  and  ItoU  Tbt 
tolutt  ito  dH  dneljQf.  n*i]  to!  —  hAlian  '*41*11  ihf  ipfotn  d1ieiE]ri  '-<t*ar''to  AN  tot  dad-  ttilE  tiiuarw  Mill  Hurt  dmidtanadudji 
It*  txxb  maaM^nifniE,  iiqHicto'a  ft  iirbNh  ant  if  dFqAjrtd  whto  di*  laipMm  It  ri*i  Itn*  MnMixffiiq  toi  lUtoid  li<it*4  and  Wt<i 
Cldl  wd  not  aAbtl  wif  intotf  Mki/Mu/AiiHQ  tr  Etored  data 
htlOllva  Mumldlt^ 

Tbt  l^bH  'HMJddUmliilt'Qr  mttwiing  HH  to  abl^  wcuncf:  *t-  3toEH.  to  tmtA*  to*  KtFii*l  tOUl  aptoy  to  ogtract  uttoA  bw< 


IMT  tuil^ 

tob  ^ 
*  *1 


ImanMlilc  [utEEUtt  rttortne*,  ifca  tnuwn  as  an  'ikdntiH  <atnng.'^tou  only  nttd  to  bnw  ON(  d  1h*E«  vaJutE  l(untnl  banuntb*: 
dEiiiaa  E*  EWrona  Oblludel'  In  uidir  to  set  ybur  PCtEbil  up  to  ibnw  octwabt  rttdlnfi'F 

>  Slmfito  unfA  Me  tnoum  tHunmttrjc  entsiK-  tarjuu'  biiitisA  'Ycu  cm  obtain  'jkiui  itouttil  bammoblc  pptEtuit 
Iby  chcthibg  an  billtinat  waothar  idi  h*  a  ntaiby  looidaai.  m  cboCactbig  a  abpoiE.  fat  ITn  nkit  to  iik* 
lOftrariev  grttiut  Orl  tot  AlUTUE*  Knob  to  dtHrmto*  jtmr  tiinrtt  Itotudt:  PlEii  d*  —  bsttfin  to  offlti  the 
iHnni::*  Hblrg  mnd*  fttoE  ib*  ►  bMiton  to  «i{i**t*  ih*  rtofitm*  ptEEtE*  to  to*  4  Uw;"  to  dtPHtoi  to* 
ibitntm  iHiiEuii.tbu  y*iI  rtobor  Ihal  Cbt  aleiuda  Mil  chonQt  wito  char<gtE  In  Iha  rafeitnta  pmom.  Pntu  Iht 
^  button  to  nfl  tot  H^uitmcnt  modr  Set  tw  KtEtid  dmm  toi  i  Kbit  and  ohm  Ih*  Iftrtudf  nadmq  to  tafaAto  [NetIE'  iHy  xidl 
cbito|H  In  grttiut  untiart  nobetaUt  ctimw  In  alUtud*.  fei  ndti  to  jitovlA  itiunlngFul  liadingi  hit  acbwrlltE  Htotii  iHib^ 
thangti  bUtMt'  tot  ttElFtl  -tMl  ftrtuin  Flp>d  Mlud*  Ftipitorat  TNl  H  -Hby  lh<  ahlhidr  itOdingi  (iod  to  llutluair  by  i  Few  Fni) 
Afl*r  toWlNiif  1  Ctoitm  albiMdt  Uam  Ih*  aamUDE  Sfiwn.  nsent  to  lb*  SfPO  Wftn  md  *nni  iblt  vii*  m  yw  JtiNPnw  abiiMJt 
by  ibAnvtng  to*  Earn*  pbc«Mt-  Benb  rtaiSngi  aiai  now  b*  occbrabt. 

-  Wmrt'g  nab*  tnqwn  atsiaJt  tef )«» Jnennnn TbM «p» obtain yowf  Ntind*  tibn* * mpograpiUEA "nop « iwd 
lanAniiL  $aE  Htfi  vpkit  at  yci*  i*rN*r^  albbjdt  an  lb*  Ktotn  to  dtitrinlnt  yu  banmtinp  pntiiunt: 
ftFiE  thi  m  buTtoti  to  ctoi*  IIm  rtftmnot  ititnvg  ibode.  <Piee5  tot  I*  buHnn  to  merttK  tot  itfEitnot  alUiKlr 
p  ;ha 'd  Ainm  »  d«ii*«*  to*  Ftifttnet  ibiiu*.  bju  *«  *«ie*  rhii  to*  uowitrnt  pmvm  »h  tivang*  i^to 
<htng*E  m  tot  ittNtnt*  »bHWdl-  PUM  tot  —  buiw#i  »  *»lr  ih*  ad|i>«bnt(u  medt.  aqtut  lAw  tot  *t«itl  » 

EToblliM,  TtNn  f nitt  ibt  wtuf  hem  tbt  BMO  soitn  «.  yom  liftrtnti  CFtmii  on  liw  ALtiTTOt  K**tn  by  WHiw<fl(  ID*  tottit 


\  towo  hPB 

i(W4,a  ^ 


&Ai3miGitt 

^  256 

^  "ID 


■  Amid  uk^  ibttiAtnHnn  in  dhrti  subh(^  whifh  Htl  htaE  ihc  a*  Imldf  iht  huf^hy  miiiif  tnEAHW*  md  couh  >naE(i*aiE 


itadtigi. 

-r  t  jar  cwfunatMKti  tonm  you  totiitoit  Ih*  KhHI  hi  a  laiyt  itmfitnaB*  Eiamg  fHtar  Eu  lArig  a  iiluto*  himi^  laaAig  {luto 
to  Hhrb  UUn^  i  Ktibtl  ilbitd  Intdt  jC  Jit  t  oulEidt  n  t  INnptiaiuit  bf  44'  Fk  yrsu  wd  nttd  to  Uht  addiUmtl  itEp-  to  tnsEaa 
toiJE  Iht  iCttirtl3  WHrntll  femptratm*  hmot  It-  In  ihtrm#  tdufita'hifn 

-  Idtoly.  prpndt  m  aWtow  «*  «  HofI  I  H/S  G  J  MDH,  0O(f  to*  i!*mp*ij(tyi*  tmUHtnoitog  frpn  Iht  bKk  p  to*  ynb  toWNdE 
iJw  hwiE.  toi  other  woto,  polnE  tot  KtElrtl  bito  Ubt  aliftnvj  mib  alifkiw  over  tot  limptratuie  unmn.  and  humidity 
ohtnniitii.  lEtdrigE  irtthn  tpeodotbonF  wlH  be  pratEdtd  wnhln  hto  In  thitt  mlnu4»,  tmn  after  a  lanjt  lEmptraturt  sh#t 

-  t  (w  oktvow  cm  b«  prodded,  you  mir:  utticunf  jim  fp  tot  RH  wiot  w  ntbiiw.  tiue  cm  «**  as  long  «  «  minmtf- 

ibe  ^  EtibiMiaium  cbongt,  ih*  gmtti  iht  unt.  mu  un  uh  ibt  logging  taholbdiiy  tK  tot  Ktsntl  4Da>  h  axUltm 
1hai  Iht  PN  h|S  lubllind  »  a  wutci  rtading:  to*  aitnipy  Ciptions  ISO  rtflaH^y  toon  10^09  lniiti'r)l  ■!»  Etwnds  itortis 
wtl,  St*  pag*  tq  1p  iTiEtiwionEX  1*1*01  to*  giapbical  Atplay  i;!l'  HK  and  you  con  i**  «4i*n  to*  HNut  la  ru  la^tr  ^hanging 
ifto^Hanthr.  A1  toil  polnb  Iht  M  vahit  Is  stable  and  con  be  ithtd  topon  bo  be  wllhin  the  accuracy  spre^bonn. 

SaromottK  PiotEur*  and  Altilcda  JUtiusImHit 

lb*  KtElitl  tOM  mtlSuiW  fWdOn  ptEIPt  -  tot  «1M*1  Ob  pt  JSto*  In  tot  nitaiPttnmi  Iptilpi  -  *nd  IrttS  toil  itol«t  IP  CJUJOIt 
banomtbk  prtEEkE*  abd  ibiludt 'Si«>dn  praisi*'*  ctungfs  In  i*spomt1o  twipIblnigE  -clungtEtn  abitbd*  and  changes  In  ebt 
almcbphttit.  BtcaLH*  to*  KtEbtl  tOOd  la  fo^ttMn^  changirg  EocaUpn  ard  alttbud*  It  Is  itopptarC  totnb*r  adyjEtmNYts  p-lr^ttirKtir 
when  attmali  pessum  and  dIUludt  loachfigs  aiE  rtttdtif. 


Witn  1* Utwtng  uptd  (tal*,  rmmfttt  ihit  ^ungta  m  p*Eipt  *NP  chanw  In  Igealltnnniludt  iMI  4IIKI  to*  BUtU  vdWL  Wvi 
trxkl'n  pESEUir  chxigtE  ittabm  'ki  Httlbtc  itt  -to*  itfnmcE  ilMudt  on  Iht  BJAO  ocitcn  and  ktigl  tot  lUsbtl  bv  ont  lacathm.TbUf 
gqph  hlslny  ndl  now  shenT  Dtfidt  bi  hirbmtlbt  pEssum.  tbu  atlihidt  is  tooinii  on  Iht  AlTIIUDf:  sciem  wW  chmgt  as  tot  Htaihtr 
chmgrtv  but  you'  otn  igiKHE  Ibis  SCrttn  bn  Ihn  puipust. 

d  you  aitplibnibg  tdarblEt  wcpJd  Ike  lobatk  yum  tlbbjdt.-ycial  bttd  to  rnitr  IhtcrartoE  iifttrbor  pnoaure  un  Iht  AlJriTIlCE  serttn 
Mdttirfetd  jaKh»ift'E'lir$n3  M<ih  ihtbnpvn  baipmtrric  pFOtbrt,'  KOu  COA  now  irpk  to#  lOiFludt  (hlAltE  iE  JAii  hil*.  to  9w  IftEimc*. 
yOM  Ihotod  Igispt  Iht  0^1.  on  tot  0Afl(?  sertt m  Vn<*  tot  prtttpt  Changts  wd  bt  d»  B  (hangis  lit  tHuidon  Fp  mp*  toon  » 
cbangis  bi  tot-wtslhtr. 

to  grberoL  chinas  In  baiwitkk  pitsFiff  tioooalrd  Midi  vnalhti  chPigt4  am  imall  Omr  Iht  couvsr  OF  one  dw.  but  they  wi  afFrct 
tot  PCPKy  of  tot  abbntltr  0*tr  Hmt-ThlE  k  Miiy  oiremb  r*S4n  ihtb  towmcfit  01  twry  oiifttld  tor  tnitiing  ihttWE^ijiintiN  Ettong' 
p  mtertnet  pTfoaut.  Aicoiiltogly,  IF  accuratf  altibudt  ttadIrgE  art  ticur  pibbory  biltrtsk  ycu  thotod  ititt  Iht  rtFtftfnt  ptssuit  cn 
ycur  hEsbtl  itgiilarty.  I  you  tncounlxr  an  tiivition  landmtik,  you  can  a#jFl  tot  ithrtnot  pmsum  unbi  Iht  tllilbdt  niaEchrs  tot 
UiidibHktltirabcHi.'nijs  tdll  tPitCE  Iht  dbkidt  for  Oilj  pnoamt  thingts  due  SO  toe  weather.  FOr.-pSi  cm  Ottato  an  uEidaljed  lEfBWcke 
pitMPt  Fiona  tot  tPPCtt  StlCdfetd  afcowk 

Somt  fWOl  bOtrs  -  If  yOu  tHsh  10 know  Ihe  flcEuaFce  ShffliYijbiuin!  For  yOui  kkaboTi  tiuCh  to  For  engint  lunkigL  Jkniitr  oel  Iht  leitrtnct 
Ollltude  on  Iht  kABO  icrttn  lo  “tfl  In  iWv  c*H.  Iht  Ktaitl  -pril  no4  mtot  any  adfuOlmenl  and  iifl  diiplay  tht  mtasurtif  irtkit.  And,  toe 
abdw  OkKuEtom  oephtt »  Atl  prtEk**  allimtlNS.  kKUtoO  on*  »«  may  Myt  m  *  lyacch  p  php  dttlct.  ton  fbi  B  0^1  Atntwrt 


toUPFiWk  ptSEPt  It  tioiido  prtEtPt  COf i«l*d  B  Etl  ItWk  m  ddp  B  m*l£f  tot  (Ori«|lpi.  tot  Kt Jbtl  40»  nwdS  *n  OCCPOIt 
rtFtrtnot  albtud*.  Akbud*  Is  tot  htEgbC  ibaw  t*a  ItvtI.  In  wdtr  bo  conKfly  calciltsba  abtludi,  Ih*  Ktsbol  4000  nttdE  an  acpuialt 
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wtiict>iiK'  Hrtriiw- mirgiilMKHi  w  dnnmirv  ilMuift.  Ncnt  aittYMlh  pi*ur<  CPj  Mdindo^  pmhiii  muMv  tTHm- 

pti  vjfe  wiludt  clunar  Tfn  M  '■ftrir  #'0iw>rv  itil  nty  m  pwwr*  pllmwliii^  ni(  Fniil^  Ihr  DENSITY  ALWUH 

li  (ih^LiHd  dv  'liiHiPt  EiJBnan  ifliLiv#  h^nidny  ami  utnparjiuif ,  arij  ii  not  iTTKitd  ^  ifw 

icNnriCE  ypIucs  (nNfrd  in  ttM  AMO  and  JlLMUN.  urHFiL 
RILtauaJ  EXica  Seot*^ 

Tfe  rwt  P>«i  Ortf  *♦  4B  *ps*¥--  CW*  SWnd  Hlfl#  h#t  S«ll  tlpEwNd  4ill 

on  cNirtJ,  Irull  tOntfHMr  a  otf  and  ilaa  by  li  'tulT.w  M  Manud  fucM-  bjttsri  his  beih  ddabM).  Sh  (ugi  l<DhH  ma*  w^ettrMsn 
on  Mtnuj'jf 
bddaphi 

Tht  KfUitl  WQD  tm  1  gmn  hKU^  aiM(h  mikti  iht  cfapUr  lauly  trtd  in  ((n^iieni.  m*  Kwitl  4000 

F(V  IHE 1  wutitt  pad  twdthym.  vrtach  jHtctfvci  tha  utml  i^t  «khi  o!  imhi  luchi  Ji  mMtaijf  ptPuiPintT  and  pMi.  h  bAa:  iO  ta  4i 
mimitw  ta-  Ifn  rniapf  *y¥  1d  ada^  b  dapFr^ii  p^d  mamBa-  w*^.  Iwn  a  i)w1  bwTl  of  wTvITj  ja*^  [papn  »  linli! 
^laatlwt  -Orf  Th»  irf  tH  ^I6<a<aiis^  In  lha  -lya  Ad  uutn  WndOatP  smN  fra  gdadNfrnn  p**aip  Sin  tala  plKr 
again. light  in  tha  rad  EpKtnan  doai  rap  udct  tfai  'lileathiing  wCprciPtntira  inghi  UuKtws  and  night  viuon  bUgue  Tha  laati.  icd 
baddight  n  ain  rrpuijh  friranti  fran  a  rtardud  badbi^  mailing  it  maa  ddlkutt  to  d«ti«t  with  the  natjad  ava  in  rt^  opwaboni. 
Ptms  fre  O  button  bo  achvaha  the  lutMighL  Tha  ugm  wfl  panuin  actaaaatd  br  ona  ndnuta.  Praii  rha  D  but»n  wvlhin  ona  nunuta 
Bo  daaeimila  fra  UghB  ina>niiHf. 


1  Main  Menu 

aan  euLiMua  yoia  Katltal  4000  in  muJbeii  wiayi  i^att  dta  O  buiun  ao  waii  ih#  Main  Satue  IWaaiv.  n^tii  iha  —  luiinni  u 
KiKi  tha  highitfTtad  anting.  Tht  Uaai  SatMp  Uinu  xootaint:CFf,  Utmoqr  i^kmi.Maasiinimmti.  tSiaph  Soaie.  DnHxUwr  kaaani. 
^(atn.  Data  t  Una.  Langu^  aid  Hatitn. 


Off  '  t^ati  tha  O  or  [ha  »  button  to  tuan  frf  tfitplai'  olr.  Ivan  wbtn  iha  KjataafL  tSiplad  H  iLanad  bit  Oi*  ma  wr  ooniaMia  to 
automatkaiN  tboir  data  at  fria  dciihad  SkMi  Rata  HW  ipcfd  iidl  NOT  ba  ttotad  when  fra  tad  h  off /b  QtFihnuoudV  maiiu'e  wpnd 
ipndL  Bunt  frr  iufr  ttvtdfrwi  ofT  lU  It*  tUBlAir  lilt  AH  be  MBtiwd  >T  dac|  h  ilOied  hdiutt^.  TN  (>%  wty  iq  (dnigliiely 
ihui  eir  Iha  gnli  h  m  pafttova  iht  baiitf  iat.  titciom  latilngs  and  data  arid  tia  tiuad  wrtiftn  fra  baiuriaii  aia  laaniHiHL 


Matnixy  dptloM  •  Thata  uhrigL  ttiHiDl  iha  data  iboaiga  ptoparbat.  Prasi  tha  Q  button  m  latuin  bo  tha  Uaai  Satuii  Uanu. 


Satllny 

Daicription 

OTmaiui 

Clear  Leg 
TGPsiDpneF 

All  »0f«ddl«Ta  h  dwed.Thitton  t^ctoar  MtoTMio/AvyifaiTa 

4  A  h  1b  CfbA  the  l«y. 

RtaMtMNU 

4Go/DAieF 

Ail  Mat/MaKTAvgdlU  IscIrtied.CNiaitfaEa  hWiieiTMPi  bfrafl. 

Ptoia  4  Or  !•  TO  thar  (he  MMA. 

AuleSter* 

(OnTafJ 

Whe*i  On.  data  tiaUtoinMICalty  Aor  edai  BaoKt  StAe  Rate.  Wwh 
0<;dKafrpidbM«rtdtoHi>iiiWMa^tap<ui«dw«kBhc  o  bufron 

Pt™  h  (o  Boggle 

between ‘On  ancf  OTf 

StMfrRute* 
(Jiec  tihfr 

The  fFtyuwey  artoWch  frm*  «TiAeaidli«TiMkilly  (Wrtd. 
iBaltxiy  Ws  may  be  shortoied  if  data  n  ilAbd  riequenthr  1 

Hf«S  4  A  ►  To  Hmea*  a 
demne'SCDte  ftHEheqiiency. 

Oiermila 

TOh/Offj 

Tha  lefling  onJ^  appheo  when  1  he  dal  a  fog  a  fut 

When  OtkoUed  data  poait  hdiuifredlo  alow  fnernory  tor 
the  new  daCn  poail.  When  Off,  new  ifata.  pouibaAenol  sawd. 

PticB  4w  h  (o  Boggle 
between -Dn  andlM. 

ManScera 

lOnrtllfh 

When  Qtk  iFaca  airprad  whpn  fra  Ca  bunpn  ie  paavted. 

Whan  off,  fra  a  butiAi  -h  i^idhtod. 

hew  4  Of  fr  Ip  Bojgl* 
btfuiaafi-On  anaidff . 

^  VlfrfA  lad  If  t^r  data  h  NOT  Ltaad  Fat  7  wc  and  i  S«af4  RHaL 


MiiiiiieiniPtfi  -  UeiiWitntfWi  icretni  fin  be  hddan  fi^  Sa  nopitdl  mrHtaeiteni  naikill'A'-  Fa  eahhpie,  *  wind  fW  h  idt  dC 
kiitieil  h  bm  bt  hddtA  Ptif i  fre  d  A  ^  boW  »  BbytN  biTWttai  tfi  hd  DFF  1a  i*Bh  inAvdotl  tWMiAAnAi(.  Pnhi  (he  fr  A 
A  bubfon  w  tUghlighi  tha  dabrad  mauuamtnt  Prais  tha  fl  bmuon  ib  ipiun  h  iha  Matt  iabup  Mtnu 

firaph.  iaata  ^  Thaia  lannyi  (loniitei  tha  ahaar  Litiiiif  af  nttt a.  Oapandfia  At  Aa  (AtJeJaaii  the  tcwai  aid  tniaf  el  fra  ihui 

Kih  mat  naad  ao  be  K^^ilad  m  adar  «  gab  tha  bast  laaw  ol  tha  data,  higpii^  tha  -datiiad  ioaasuiamtnl  bv  piadsing  fra  fr  «  T 
butlbn.  Seltol  fre  higid>gh(cd  mtawietTiAit  br  Aetii'tg'  1h*  ^  buttAo  Ptef  i  fre  d  a  ^  buttilh  bo  a-eieate  a  deeiit le  fra  wlua  A 
fra  hadi.  Prtfi  the  d.  A  N  btrtiAi  bo  thin^  beltwrfti  frA  iqipA  ind  duet  Mill,  Putt  the  ®  bu»4rt  Id  rfr  aid  reiAh  to  Iht 
MtaHtiiamtnt  aalfation  taiaan.  Prau  tha  4>  bLnaon  lo  wiLtn  w  tha  Main  Oaiup  Mamu 


Hyhligpbi  fra  daund  Uia*  S<itaW  ptildg  ifA  *.  A  a  hvhAi.  Hiatl  fra  —  btiHAt  W  M*«l  ihe  highlight rfl  UNk  SAiAt-  fttU 
fra  A  and  T  buiKfrs  »  Abifria  Erm,  nd  fra  4  A  >  »  didl  Itwnigh  fra  fiifilfria  fraamiatnaam  Fa  auKh  highJighiad 

Rpta.  Piast  Iht  -O  buttofi  w  lebiiin  bo  the  Usai  iciaan  Sal  up  Ma  lui.  Aapaat  abowa  protata  Th  the  obbai  Usai  lacsni  or  parts 
the  4F  bidton  to  irliim  U  Ihe  Main  Setup  Menu 

Idsbaiii  -  Tha  dop^f  CcKvtnst  and  Auto  Shutdown  bait  be  nooiihguird  as  rafriaad  Tha  ■rtanta  ixrtMfibf  and  pnassiae  tamoii  bin 
pJu  be  lefri Ptali  ihf  A  nd  a  doi W  to  fra  aefrapnatr  utasPAh  A>d  frn  4  v  b-  bidun  to  adjini  a  NtrfB 

Tha  Contiasl  tan  be  H^uirad  Tor  ^bnbti  wiitHlibv  dipanihog  on  tha  imbttnt  tghbny  conditjans.  Pms  Iha  4  a  ^  hjlbon  to  FKiaata 
A  dcATPte  tha  contrint  Fia*!  9 10  30  D  h  h|)^>tj  30  h  bIaMiI. 

TTw  diipii!i  <Ai  he  ari  (o  auPAnatkaitl  Bao  oiT  an  onlai  to  tmvietvr  the  hatbciv  14a  Afro  Shutdom  tiwii  odli  btnii  aHrr  frr  piettl 
Bma  has  aMNd  wifrwt  any  hAfrn  AtlW-  Pbiii  *♦  4  A  ►  bbatAt  W  Kiofl  ihrAdh  fra  Afro  ShiAdoam  opidfli  iU  nkfrdak 
eo  mmotak  On) 

Baio  Cd  -  The  BeifAfr  tfrftA  44"  ha  fiifraiad  4  haeafHiV.  Bl  N-  aevatfliA  UnoAiant  I*  hnod  ih|  Aaflfa  ainuda  4id  maan  hH 


TO 


DotaAThwa*  Thadlieandtiine.rnw*an*i1a*ndlpfnaronn«t«Aiheadruiled.'I>wTaiteTornti4iariirbiiaiT  li  Idir  aid  JAhow 
Tha  Data  FamiEL  araZfrd  ira  daylfronfriFfair  and  inonfryilif  i^aai'.  CM  pa#  F  fee  iniEnifooiu  pn  howto  sat  iha  data  and  Dfiiai  Pfafi 
Iha  ffl  bfrEOh  lo  laown  lo  fra  Main  Satiip  Mara 

Laogiaifa "  Dtsplayait  lan  can  bi  lat  in  onaol  fiwi  Tanouagau  Englntk  FfandvCarEnaJk  ttakan  a  IpanlUh.  To  thooiaa  la"giiaga,iiiH  fra 
A  and  T  bikboni  to  highAgbt  the  daarad  Tanguaga.  '^s  fra-  m  buhon  id  tafaci  Iha  lanyuiga  arid  ratuii  to  tha  Mmi  Satup  3rtrriu 
Othirwiia.  Arik  HdO  bfrbAi  Bo  mtAn  1*  the  Mah  Setup  Mena  wlhofr  cBilnyk^  lanyuayii 

Rtflwa  -  DcTaiJt  irtangi  tei  unitk  A  merniie.  riatr  and  hme  fsTmatb  and  tyilrm  ariengk  toi  br  teflAed.  [Sre  page  IS  fw  i  lit  ol 
the  Arfaipll  iitlingi, )  ftrii  the  *  a  d  bfrfA*  to  high^dSI  fra  difrid  AKiAB  letlkig:  Mbk,  hnpenal  A  DetoJb  Ptm  iPe  41  »  ► 
buEun  to  ratal  fra  lacioiy  laEOng.  Ptais  fra  lo  iaiirn  »  fra  Miiii  SaikA  IHahu. 


whata  a  IMnal  4000  migiu  ba  Uia4.  and  tha  apAoprdEa  ntHnoiy  tanlngL 


toaitngMMeiiiMghi 

Auto  Slo-r  CTt 


Thpia  lafrivM  fiAh  ftm  Be  aafr  ethAaieni.TAaiinAb  I  menfrt- 
Mhan  iha  mamoiy  It  aach  naw  nHaiLmritnit  wtl  lir  ttnad  in 
plKeA  lheAiteitliaAapMtTheohirtiwd  pioYdi  a  ipikk  hnli  r1 
the  ieoent  weo1he<  oonfrtiiFO  ftapan  ejeofr  1a  Fillip  baiAnEtot 
pttlibaar  wfrieh  Irvyani  a  iBBiin  it  continy. 

HfrinyCamAng  Fa  iha  Wafr«id 

frutioSiAr  On 
Siota  Rasa  SOmlo 

TMF 


_  _  _  Rite  Jwi 
Dvaiwkta  -DfT 
Mansion  iSn 

thata  saioftgi  wFI  ailciM  you  to  track  all  bondiiioni  Fai  U 
hpuri.  ChirE  iroin  actuiode  changei..  aralbh  >ioyi  tha 
bempcfituie  and  humldiBiF  ivy  wfr  ihituda..  and  tog  your 
towiaita  teaad.  Data  wi  oeMyat  be  ibA*d  eixt  fra  Ky  4 
ttril  In  Adar  to  Aatana  It  unbi  It  can  ba  ra-iltwad  laarr .  w 
lu*  to  dear  Ihe  data  logjutl  betoiejrDUi  •Ad. 


Taval  banmaiiib  piasima  art  fra  bme  at  caFibrabhg  Uha  saraor.  f lisi.  tai  tha  nttirntr  ittitula  fin  iha  lAflC  maasunmant  scram 
to  She  lonwTi  aititiiilk  ^ee  Pfeuwe  AfrusImmE  At  pav  IF.  Thm  bditnl  Ihe  Bahbralng  telling  oi>  fre  laio  Cal  sciem  to  the  hnorni 
Mean  tea  leitl  bnwabik  pnktfrt.  ^dtoianen  o>  frh  lantA  k  mk  UipKbly  n^idiadr  and  TF  h  nfr  rrCAnfrfOdrd  IMe  you 
trAUtat*  afrhafr  daatoty  to  |a  FK  Hchnifiah 

hkaaidBi  Cal  -  The  hvndtr  tenior  can  b«  bilto>r4ed  by  ‘Beachtog'’  H  Bhr  conret  humidity.  Some  tpetiiB  tfraprkcna  ii  lepFaied  to< 
diit  cfiNabiAk  incldrfy  tvH  Btriwtaiiciily  taalyd  CAUiinaiE  aid  LiB;4aiid  sah  dhitiend.  BiK  edtwi  a  cidbiaiion  bi  and  iniovcitons 
ara  amlatila  on  amiwnkhonM'iiOin.  RacallnatKin  d  this  aanvoi  u  not  lyptcafly  raquafcl.  and  d  h,  noa  rEcommandEd  ttuB  you 
ircadAabt  withowt  ipratong  Is  m  W  bKfetoan 
ftaiL  ihatPbutHHi  toiatuin  bo  iha  Main  Setup  FRtinu. 


Man  SiBM  On 

TTfrie  lelbrtgt  to*  altow  y«u  Bb  bbA  Bhe  cendepA  lA  atodit  H 
dayi.lUaMutnHfliutoSbauiiitd  riary  iOminfrak  aid  iiopuAing 
whan  Iha  tagiihJ.Thitwaglafyamiitaaiha  up  aiyouf  cpmwninici 
whan  yptiirlunn  Tbu  can  ahomanuiiy  tbera  fracondktioiH.ln  ciea 
ybu  gtf  laughl  iii  40  toto  per  14a  todk  A  inlha  it  to  fra  bos  4f 
a  mpunuin.  For  mAy  daiklad  adannaiion  on  ypta  Ufu  sat  the 
$1014  FCau  Ip.  i  hPkTE  ouaeniyhi,  and  >0  miniitai  fraing  fra  da^. 


Ovnwiobi  tsif 
ManStoie  l»r 

thaia  Etiiinu  wiR  iBea  you  la  tacad  a  dtudtd  atceunt  el 
THDur  yawp  H  Hue  bo  dew  tha  data  log  juri  batoia  jumping 
Rn  yAj  drKteid  BAaird  fra  Aeimd.  tai  be  bKling  fre 
lldtude  e^ery  two  ricAidh  as  wed  M  the  sAdttotv  M  IhlE 
ilotuOa.  Tha  cPtart  teil  dtady  thew  tha  poirYi  at  touch  tha 
puachuae  opank  at  wtfl  as  tha  polna  you  yti  back  er\  Iha 
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Hwu;  ^ HI  rill 
hila  ^iLy^-  Cn 
Slorr  bti  f  min 
Ovtuwlit  On 
MmEw  Off 

TfttUr  Miangi  wU  MftJiOcnt  +itit  fnw  undiutti,  tet  | 

BKiJ  iKTMgt  ti  timoa  1  dtfL  ^  em  iTumicr  tht  sandfUwi] 
>1  ■  UboriAmv  nr  manufKluni^  plinL  both  div  «h^  niohL  t> 
dtlrHniA* ftmit  ■(  MrtAiftfl  t>tjtn<L» 

Ih4  tffKr  411  eh4  frt4ptoyr*%  *r^ 

vd  BNtt  m»  bUldrq 


Memory  QapabiUties 


Totil  Memory 

State  Hate 

total  MlamiHy 

2  sec 

1  hr^  ^  miry,  40  $ec 

10  min 

1J  days.  21  hr,  20  min 

5  sec 

2  hr.  46  min,  40  sec 

20  min 

27  days.  19  hr,  40  min 

10  sec 

5  hr,  33  min, 20  sec 

JO  min 

41  days.  10  hr 

^se< 

11  hfr6mlnr40sic 

1  hr 

S3  days.,shr 

51>«c 

10  hr,  JO  min 

2  hr 

106  days,  16  hr 

1  min  1  day,  9' hr,  20  min 

Shr 

416  days,  16  hr 

2  min 

2  days,  IS  hr,  40  min 

12  hr 

1000  days 

5  min 

6  days.,  22  hr,  40  min 

lb*  iMoh-  Sifriwni  ki™  bn*i  -pmiidlW  in  »  k«p  ihn-  Heif^ri  iiirf.  WV  rti^Str  ■rtpmmjrtp  (K«i  iA«h4 

H  m+w  v»  flf  Itww  r«t*4<  »  W  4J  ih*  rrt»%  i*4*ih4n-  r4**iwti  *4i  *  <fi-4rp# 

difritMin.  On  tfw  itwimtL  mtt  wnwnminttMcom  oi  nstouKttlj^  Of.  lDUI»  Hh*  UiA  lod^p  pubScHKin,  Flu  MtHlkp  Aaot'.  AiiHi 
mil  Hif  wndi  in  *  jtrTnffiofi  pnmtd  in  ifariai  n-  Ifwnif  hiVi  jirTintd  ki  ffm  fllPvMiv. 

AHw«I««  SMthigf  M  jvuDDn  liint  Ter  tiv  leeiJ  bwomtlik  pMdiim-.  SaiH-  ta  riinenei  pmu#t. 

illtiudii  Ttw  [bibuwt  ifeovi  HI  kwL  1hi  KiitnT  lOOa  ciloilbtiti  ilbhidt  band  wi  ItM  meuiMnf  jtdiiM  patmut  hhI  1tM  inpuT 
■baronirtnc  ptniuM  ■  a  ''iififtficr  pHssur*? 

bwuHMtrtt  f rMuwei  !>»  w  piiisuit  oT  jpoii  luuntan  iKhKKl  be  ui  liwl.  Aiiiu*  win  chv^  Ji  wwvibw  fjruwni  nwi*  ffim 
bcib«ii  * Mffip  pnnvt  inrMflrk  Ibt  pri¥d  j  kn*  phiiuft  lyritm  ind  «;Q>Ktid  pimpHiTkin  or  ilumi  conditiGnv  'Shwlj'dr  rain; 
prmm  aidkiTri  rim  vfHfbp.  A  Wi«!l  ilbhrff  mwl  tc  (or  th*  bStifiil  ■WO  to  if  iplq  bn^whit  pr*m^r  tomclly. 
Dwiikv  Mltu^fr  The  [iffTturii  <1  whidii  inu  muld  be,  finn  Itx  nnmt  lir  dHvUQr,  OFlm  uud  by  pMi  ki  aricr  1a  riihmm  hmr 
tf,  #i«i<<r  niU  Ptiltaw.  Mi«  ^  rtHini  Jb  iPKlMiriviHi  wh*  mm  biflb  M*fa‘fn*in*  bii«iAil  Mmbi,i||i4A  tngimi.  Trfh  H  f*t*  <¥* 
MigjM-i. 

□atiipeliip  riM  BiiKiiBeHniM  ea  wMdi  lir  miin  be  reeM  in  oiil|4  In  ewriiinuiien  be  Mftttiv*  b#IWHn  deiepein  md 

nmemBtie  k  nfatrad  m  at  ■htmmpinbkHi'diM'  [KMit  ipfiMT  A  low  diwiimir  ipruif  InAcifm  high  mlaiM  niiHid[]i;.wtiJli  i  laigc 
rinipQjNI  ipnadi  ndkateii  dry  caridTKaiE. 

H*«t  IndKia  A  practlcaT  meaiun-  oj  how  hoi  ibe  cunifit  ounbHubon  d  nctarM  bunuAiyard  bvTVKurjre  h«ls  bo  a  humvi  tod)r. 

reki^irr  imkri-  >1  wn  Fvlier  berauw  w  abiilf  1h  owi  ovsetwi.  by  eviporaiFi^  penpaM w  ii  rfriiKrd 

habHaiHa  hatuiip  The  looil  biroenevk  prebiure,  Inpui  bo  tb!i  ilbbuTe  -kreen  li>  ptoiide  orMHO  tftrtiKle  rcailings.  AJsa  knsMm  js 
bhe  aUiineler  selling 

Rilatm  HlfmUK]i;  The  ariKowl  nf  water  vapw  Kbuiiy  io  the  air  tfriided  by  the  minimHn  arhouil  oT  water  vapor  the  air  eniid  botd 
4H  chM  umptwm.tipituti  *s  *  pafcthpagt. 

STatlen  FreiiKirp  The  rJirpmaiet  d  if*e  l«#1iprt,  WOT  rmArteri  lt>  ttie  tea  lenet  e^taYlieni- 
Teffiftefalvier  The  wnhenb  ae  temperature. 

HM  bulb  Tamperatiuiai  The  knvest  ewrvwpiue  1P  Hkwch  a  thermomeiw  ran  be  cooled  by  eeapiHaiing  water  mtio  the  Hr  at  oonnam 
piessoie  Thh  mcaiureiTient  is  a  htOkionr  bom  the  use  an  eulrurhcrit  called  a  tlkw  psythromeler  To  rheaiiee  weT  but;  lempeiature 
wiib  t  sling  Piiy^enwti.  a  ihtirii«mtiti  viith  t  wti  sioih  ^mwing  4v*r  die  bJb  if  ipski  ra^d^  ihi#^h  she  ai  iF  the  lebene 
thimidey  Is  Tegiv  there  will  be  Ihde  evaporuhr*  cooing  mi  dst  wet  bdbs  itrepef  astee  wH  Im  gune  clove  bo  the  ambiem  bemperaoee. 
Some  eKcrcue  ped^ogy  gLides  use  wet  butt  neiTveninae,.  raiher  diari  heor  irvdev,  at  a  measoie  d  The  saiery  ol  eKeiciie  In  hen  and 
hurrtid  cooditioriv 

Wind  <bdfe  The  corArq  effect  d  combioiog  wiml  and  lempevalun.  Ibe  iMi>d  bMI  gwi.  a  more  accurabe  reading  of  how  coin  it  teaib 
Mf » the  bvmin  beSy.The  Kefwi  eowt  »ind  «hii  bi  based  ors  in  Haiiwi  Sirr^e  iwndai*  *t  nt  Ne^tinbiei'  L  2<»i. 
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HlWOb-  $yaiem  bwing 
AciSP  Sspie  on 
Stole  Jlele  — 
qistrwiise  Off 

um  seve  On 

TheNr  letHigi  lea  ygu  ep  treit  ihe  M*rV4*l  Sow  Mseei 
eioHlei  to  BKHP  anydHiae  idud.bood.'Mnk  or  nher  nr  lyuem. 
Ihe  rweter  wiH  riol  itoie  any  dali  autnmatk#^  Be  wire  bo  reoard 
She  ip<iii«n  am*  deii.'tinve  ck  iierege  for  lefereiHt  when 
atnii'iii-fl  The  rim.  «I»1  itarinQ  she  Mnriiimik «  e*Sh  btatni^ 
rimpiy  review  bh*  dam  and  balance  the  syitern. 


Default  Settings 


UMT 

METRIC 

IMREHAL 

IMnd  FunciSens 

rttyi 

mdi 

TemoefaKuri  Functions 

i: 

•F 

Baiomelrlc  Pressure 

hPa 

InKa 

Aliliude  Funcilons 

m 

ft 

TinnefotnMi 

Dale  Formal 

dayAn  Ml  th/year 

mMithAlay/year 

AulOiiunic  OdU  Store 

On 

OaiaSiore  Raie 

1  houi 

Dm4  Oveiwiie 

Ofi 

MAniial  Dmj  Saore 

On 

LJiwf  Screvn  1 

U«f  Screw  2 

humidity.  dewDofrvt.  wet  bulb 

User  Screen  J 

pressure,  altilutle,  density  altitude 

Disclay  Contrasl 

to 

Automatic  Shuldomi 

IS  minutes 

Issamss. 

Endllih 

Specifications 


^44wJwA  4lI 

-■Ml»ink4  4.1 
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PC  Upload 

Stored  data  may  be  uplotded  Id  a  PC  with  the  cpbanal  Kjcstrel  PC  hnrrface.  Mt  pvt  numbci  Om 


IS 
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OMDiipliiV 

DMvDighi 

Dft|»ta9rUpdk(tt 


HiftlFK^im,  tnKjFy^m.4iv«g*  >009(4  h«0<y  5ro-(4  »n4  4lpiW)  rttrf 
WHwitO  v(lu(.  2«0D-|»Ja(  dKI  dll^ftr^  ^10  dKI  MOt^iWcrrd 

-stlbitrit  fVam  i  SKDrafi  tD  ti  houii'.MlirHHl  ilit4  rAutuf i. 

I^lr1^jrmlsi\  fYnilti-Ssit  piegr*nn™t!X  (Jflt'iAWiii  4»(lpKy- 


f iX|ll»i,  Fi(rt«h  Oermirt  lialiirt.  '50»^h 


DhpI^it 


Stonge  fwupMMim 

I  Auto  Sii  lit  efcHwnli 


Chr34«rjfovtiittpri  jWtcii'¥J?ljk'f(4(l*rtrflluiiilri(iE(nlljjcHi^t  AuCpin^  gi  mxivei 

The  opBaltgnoi  bempenffiiw  r-onjegf  thr  Ikpud  Dflitfll  dispiaif  and  baMfrlrs  llO*'  F  »•  1  Jl* 

r  J  -IS  i;  to  SS  ^  Ihe  llmlh  orihll  the  u^ll  inni  bam^Ulncd  w4lHh 

laniji'  BHlaqxisad  fa  mlntmum'ttnH'  ntcHsaiy  (Dtak*  rudinq. 

-il'FwHOTF-MXBMTC 

UcM-HlMitablc  U  rrfdubrvH  mlnuCrs  cr  dsAlpd 

Ma,Aiktua«.nrt.bmudto  A#a9(>X.  Wtouit  ervw.4/-4to(A<»i^gtot»<iii4h< 
VH. 


Watttpnnf  IjK?  stardveV 
MnlfH  1.1  hnFIfJKJ  KlJcm 


lifinK/ toaflfn 

Cark  gitfr  urfEty  oiari9t  a  all^Ajd  OFE&ilTD-!kH&,  Cnhir  j4{lUk 
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Safety  Instructions 


OPERATING  YOUR  MODEL  SAFELY 


Operate  the  helicopter  in  spacious  areas  with  no  people  nearby. 

IWarning:  Do  NOT  operate  the  helicopter  in  the  following  places  and  situations 
(or  else  you  risk  severe  accidents): 

•  in  places  where  children  gather  or  people  pass  through 

•  in  residential  areas  and  parks 

•  indoors  and  in  limited  space 

•  in  windy  weather  or  when  there  is  any  rain,  snow,  fog  or  other  precipitation 

tf  you  do  not  observe  these  instructions  you  may  be  held  reliable  for  personal  injury  or  property  damage! 

Always  check  the  R/C  system  prior  to  operating  your  helicopter. 

When  the  R/C  system  batteries  get  weaker,  the  operational  range  of  the  R/C  system  decreases.  Note  that  you 
may  lose  control  of  your  model  when  operating  it  under  such  conditions. 

Keep  in  mind  that  other  people  around  you  might  also  be  operating  a  R/C  model. 

Never  use  a  frequency  which  someone  else  is  using  at  the  same  time.  Radio  signals  will  be  mixed  and  you  will 
lose  control  of  your  model. 

If  the  model  show®  irregular  behavior,  bring  the  model  to  a  halt  immediately.  Turn  off  all  power  switches  and 
disconnect  the  batteries.  Investigate  the  reason  and  fix  the  problem.  Do  not  operate  the  model  again  as  long  as  the 
problem  is  not  solved,  as  this  may  lead  to  further  trouble  and  unforeseen  accidents 

IWarning:  In  order  to  prevent  accidents  and  personal  injury,  be  sure  to  observe  the  following: 

Before  flying  the  helicopter,  ensure  that  all  screws  are  tightened.  A  single  loose  screw  nrtay  ca  use  a  major  accident. 
Replace  all  broken  or  defective  parts  with  new  ones,  as  dannaged  parts  lead  to  crashes. 

Never  approach  a  spinning  rotor.  Keep  at  least  10  n^ters/yards  aw^y  from  spinning  rotor  blades. 

Do  not  touch  the  motor  immediately  after  use  It  nnay  be  hot  enough  to  cause  burns. 

Perform  all  necessary  maintenance. 

PRIOR  TO  ADJUSTING  AND  OPERATING  YOUR  MODEL,  OBSERVE  THE  FOLLOWING 

IWarning:  Operate  the  helicopter  only  outdoors  and  out  of  people's  reach  as  the  main  rotor  operates  at  high  rpml 
IWarning:  While  adjusting,  stand  at  least  10  meters/yards  away  from  the  helicopter! 

Novice  R/C  helicopter  pilots  should  always  seek  advice  from  experienced  pilots  to  obtain  hints  with  assembly 
and  for  p re -flight  adjustments  Note  that  a  badly  assembled  or  insufficiently  adjusted  helicopter  is  a  safety  hazard! 
[n  the  beginning,  novice  R/C  helicopter  pilots  should  always  be  assisted  by  an  experienced  pilot  and  never  fly 
alone! 

Throttle  channel  should  be  in  motor  OFF  position  while  powering  up. 

When  switching  the  R/C  system  ON  or  OFF,  always  proceed  in  the  following  order: 


When  switching  ON: 

•  Fb  sit  ion  the  throttle  control  stick  {on  transmitter) 
to  a  position  where  the  LOGO  24  motor  does  not 
operate. 

•Turn  on  the  transmitter. 

•  Turn  on  the  receiver. 

•  Connect  the  motor  battery. 

•  Operate  your  model. 


When  switching  OFF: 

-Turn  off  the  motor  (move  throttle  control  to  a  position  where 
motor  does  not  operate). 

-  V\^it  until  the  rotor  head  has  stopped  spinning. 

-  Disconnect  the  motor  battery. 

-  Turn  off  receiver. 

-Turn  off  transmitter. 


We  strongly  advise  to  use  the  nnotorsets  and  R/C  components  which  are  recommended  by  Mikado.  If  you  use 
different  components,  the  flight  properties  of  the  LOGO  24  may  be  diminished.  Other  effects  can  be  failure  and 
premature  wear  of  the  parts.  You  will  find  references  to  suitable  motorsets,  pinions  and  battery  packs  on  Mikado’s 
website  www.mikado-heli.de.  Do  not  exceed  the  recommended  rotor  head  speed  of  1600  rpm. 
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Tools  for  Assembly  &  R/C  Equipment 
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1  Main  Frame 


#800 


If  you  are  usiflo  Futaba- 
Servos  leave  oOt  the 
metal  washers.  Througfh 
the  servos  into  fris  frame 
using  only  The  rubber 
pieces 


l.f  Sdrvci  Instdllatiui 

Bag  1  »  Bag  12 
M3b(i3  9in954 
j^M^MiM3)i20i«1957 
4!(0  ■  3»Sx7  #S22 

QSiappM3  i«2074 


£UkaM  MQdelhitlfcimiber 
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1  Main  Frame 
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1  Main  Frame 
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1  Main  Frame 


1.2  Motor  Plate 

Bag  1  •  Bag  12 
2xl^  ^I^™M3x10  #1953 

1x(^  ^mi^M3x14  #1955 

Note:  Because  the  individual  parts 
□f  th  e  ch  assi  s  must  fit  ve  ry  ti  ghtly  to- 
g ether,  they  may  be  slightly  difficult 
to  assemble.  The  reason  is  that  the 
finished  chassis  of  LOGO  24  will  be 
ve  ry  rigi  d  for  opti  ma  I  flyi  ng  p  ropertie  s. 
Where  necessary,  please  remove  a 
small  amount  of  excess  material  at 
the  edges  of  braces  #S07  to  #81 1 
with  a  file  or  a  sharp  knife. 
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1  Main  Frame 

1.3  Battery  Holder  and  R/C  Plate 


©Mikado  Modelihubschrauber 


Pages 


Manual  LOG024bfonfc 


109 


1  Main  Frame 


and  R/C  Plate 

Bag  1 


Rear  Brace 

Bag  1 


#805 
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1  Main  Frame 


1.4  Controller  Plate  and  Gyro  Plate 

Bag  1 
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1  Main  Frame 


1.5  Chassis  Assembly 

Bag  1  •  Bag  12 

2x(g}  ^Bn«iM3x10  #1953 
1x(i)  #1955 

gx 

45 ,5mm  #81 6 
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1  Main  Frame 


1.6  Final  Chassis  Assembly 

Bag  12 


M3x10  #1953 
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1  Main  Frame 


1.7  Landing  Gear 

Bag  1  >  Bag  ft  *  Bag  1 2 


Align  the  skids  and  secure  them 
with  superglue. 


4x  # 

im _ 

1  M3xU  #1955 

©M3 

#2074 

4x 

3j(7x0,5 

#2012 
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1  Main  Frame 


1.7  Landing  Gear 

Bag  1  •  Bag  12 


4x(ti'i  [DniaHi  M3x12  #1954 


1.8  Bearing  Case 

Bag  1  •  Bag  10*  Bag  12 


2X0 


19mm  #2372 
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1  Main  Frame 


1.8  Bearing  Case 

Bag  12 


4x^  yiiiii 

M3x20  #1957 
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1  Main  Frame 
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1  Main  Frame 


1.10  Main  Rotor  Shaft 


Bag  2*  Bag  10*  Bag  12 

1X{§|  QiM  M2, 5x8  #1940 

1x^^^  10x19x5  #1329 

o  10x16x0,5  #2010 

o  10x16x0,2  #2009 


If  the  main  gear  shows  axial  play 
on  the  main  rotor  shaft,  please  use 
washer  #2009  in  addition  to  washer 
#2010. 
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1  Main  Frame 


1.10  Main  Rotor  Shaft 

Bag  2  •  Bag  12 

1x#  I _  #23SS 
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1  Main  Frame 


1.11  Elevator  Lever 


+  #823! 


Note:  The  elevator  I  ever  #823  is  dif¬ 
ferent  from  the  other  three.  For  in¬ 
stance,  it  has  special  holes  for  atta¬ 
ching  part  #1003  and  #1911.  Be  sure 
to  use  the  correct  lever  here. 
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4x^ 

)  3x7x3 

#930 

2x0 

3x5x7 

#822 

3x# 

M2x8 

#1902 

1x0 

3x4x12 

#3032 

1x0 

^firmmTiTn;  M2x10 

#1911 

120 


1  Main  Frame 


1.11  Elevator  Lever 

Bag  4  •  Bag  12 

ix  (•)  2 

M3x55  #1963 
©  Stopp  M3  #2074 

2x0  I  ^24 

2x^  3x7x0, 5  #2012 
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1  Main  Frame 


1.12  Aileron  Lever 

Bag  4  •  Bag  12 


1.13  Linkages 

Bag  1  •  Bag  12 


68  mm 


#1580  (80  mm) 


#1588  (40  mm) 


22  mm 


#2770  (30  mm)  (Q 
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1  Main  Frame 


standard  pitch 
(-4°  bis +11°) 


.709  in 


3D  pitch 
(-12°  bis +12°) 


>20  mm 
>.787  in 


servo  arm  elevator  servo 


1.14  Servo  Arms 

Bag  4  ♦  Bag  1 2 


3x-^  3""  M2x8 

#1902 

3x  09 

#1570 

3x|  o  M2 

#2070 

servo  arm  aileron  left 


servo  arm  aileron  right 
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1  Main  Frame 

1.15  Elevator  Linkage 
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1  Main  Frame 

1.16  Aileron  Linkage 
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1  Main  Frame 


Manual  LOGO  24  bionic 


Page  26 


©Mikado  Model  Ihubschrauber 


126 


1  Main  Frame 


1.18  Washout 

Bag  3  •  Bag  10  •  Bag  12 


2x  O  t  i  2x8mm 

#980 

2x  •  M2x8 

#1902 

2x  O  9  04,8  mm 

#1570 

4x03x7x3 

#930 

2x0  1 3x5x2, 1 

#2463 

2x  (#)  M3x14 

#1955 

2x  O  3x5x0, 5 

#2002 

The  Y-rods  #981  must  be  able  to 
move  easily  on  the  wash-out. 
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1  Main  Frame 


1.20  Installation  of  Washout 
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1  Main  Frame 

1.21  Finished  Main  Frame 
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2  Motor  Installation 


M3x1 2  Flathead 


Some  electric  motors  are  construc¬ 
ted  such  that  they  cannot  be  moved 
along  the  motor  plate.  If  you  are  using 
one  of  these  motors,  please  use  the 
motor  adaptor  plate  #2499.  The  plate 
is  not  needed  for  Hacker  motors. 


Please  check  from  the  Mikado 
website  which  pinion  works  best  with 
the  motorset  you  have  (on  the  Mika¬ 
do  webpage  go  to  LOGO  24  and  click 
“Motorization”).  When  a  wrong  pinion 
is  used,  the  performance  of  your 
electric  helicopter  will  deteriorate  and 
the  motor  or  speed  controller  can  be 
damaged. 


Do  not  tighten  the  set  screw  fully 
until  the  final  position  of  the  pinion  on 
the  motor  shaft  is  determined.  This  is 
done  after  installing  the  main  gear. 


There  are  two  options  for  attaching 
the  pinion: 


1 .  For  securing  the  pinion,  you  may 
flatten  the  motor  shaft  where  the  set 
screw  meets  the  motor  shaft  -  wit¬ 
hout  making  a  flat  surface  on  the 
motor  shaft. 


2.  Alternatively,  you  may  screw  the 
set  screw  directly  onto  the  motor 
shaft.  For  this  it  is  required  that  the 
set  screw  has  an  appropriate  rim  for 
engaging  in  the  motorshaft  (all  Mika¬ 
do  pinions  have  this  rim).  Note,  ho¬ 
wever,  that  after  attaching  the  set 
screw  once,  this  rim  becomes  blunt 
so  that  the  screw  may  not  be  used 
again. 


2.1  Motor  Installation  and  Pinion 

Bag  1  •  Bag  12 


2x|  <0>M3 

#2072 

2x->:  M3x8 

#1915 

2x(§)  ]■■■■  M3x12 

#1964 

2x^^  3x7x0, 5 

#2012 
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2  Motor  Installation 

2.2  Adjusting  Gear  Backlash 


The  gear  backlash  must  be  adju¬ 
sted  (see  drawings).  Excess  back¬ 
lash  can  cause  premature  wear  of  the 
main  gearand  willleadto  shorterflight 
times. 
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3  Tail  Rotor 


3.1  Tail  Rotor  Shaft 


Bag  5  •  Bag  10 


Should  you  have  difficulty  mounting 
the  2x8  mm  pin,  carefully  tap  it  with  a 
rubber  hammer,  or  use  a  vice.  The 
5x10x4  bearings  can  likewise  be 
mounted  on  the  rotor  shaft  using  a 
vice  and  tapping  the  shaft  softly  with 
a  rubber  hammer.  If  the  tail  rotor  shaft 
shows  axial  play  after  closing  the  two 
halves  of  the  tail  rotor  case,  use  one 
or  two  of  the  5x10x0.1  washers 
which  are  included  in  the  bag. 


1x«  1= 

=as  2x8mm 

#2468 

2x© 

5x10x4 

#2470 

5x10x0.1 

#2004 
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#2442 


#835  -  unless  rotor 
diameter  is  150  cm, 
then  use  #834 


132 


3  Tail  Rotor 
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14.2  Vertical  Fin 

Bag  5  •  Bag  12 


iM3x25 

#1953 

1^  ^■■■MSxlO 

#1953 

3x|  0-M3 

#2074 

2xQ  I  3x5x4 

#924 
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3  Tail  Rotor 


3.3  Tail  Pitch  Slider 

Bag  5  •  Bag  10 


6x10x2,5 


#1440 


It  is  important  that  the  tail  pitch  pla¬ 
te  #2450  is  aligned  properly  on  the 
control  sleeve  #2455.  In  the  case  of 
misalignment,  the  control  sleeve  may 
become  deformed. 

The  mounted  tail  pitch  plate  should 
be  able  to  move  on  the  tail  rotor  shaft 
with  little  resistance. 
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3  Tail  Rotor 


3.3  Tail  Pitch  Slider 

Bag  5  •  Bag  1 2 
The  mounted  tail  rotor  lever  should 
be  able  to  move  with  little  resistance. 


3.3  Tail  Rotor  Lever 

Bag  5*  Bag  10*  Bag  12 


2x0  3x6x2, 5  #2330 

1x(^  #1955 

Ixe  ;^»M2x8  #1902 

#1570 
#2448 
#2002 
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3  Tail  Rotor 


3.5  Tail  Rotor  Hub 

Bag  5  •  Bag  10*  Bag  1 2 
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3  Tail  Rotor 
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4  Tail 


The  tail  boom  has  two  round  cut¬ 
outs  on  one  end. These  should  be  fit¬ 
ted  into  the  matching  shapes  in  the 
tail  rotor  case. 
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4  Tail 


Turn  the  tail  drive  belt  90  degrees 
(clockwise). 
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4  Tail 


4.3  Tail  Drive  Pulley 

Bag  6  •  Bag  10*  Bag  1 2 


#3001 


#2488 


4x13x5 


4x9x4 


4x8x1 
lx#  *#3x5 

^y^§) 

1x||  0  M3 


#937 

#2489 

#2013 
#1921 
|M3x18  #1965 
#2074 


Important:  Check  belt  tension 
prior  to  every  flight.  Incorrect  belt 
tension  can  cause  disturbances 
for  your  model  R/C  system. 
Incorrect  belt  tension  can  lead  to 
a  situation  where  you  lose  control 
of  the  tail  rotor  of  your  helicopter. 


For  tightening  the  belt,  pull  the  tail 
boom  holder  toward  the  front.  Belt 
tension  is  fixed  with  the  M3x18  so¬ 
cket  head  cap  screw  for  tightening 
the  tail  boom  holder  to  the  tail  boom. 
The  belt  should  be  tight.  When  pres¬ 
sing  with  your  fingers,  both  sides  of 
the  belt  should  not  come  in  contact 
with  each  other. 
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4  Tail 


4.4  Tail  Servo  Holder 

Bag  6  ♦  Bag  10  • 

Bag  12 

#1954 

4x(g)  ymmmmmm 

M3x25#1958 

1x^  M2x8 

#1902 

1x  O  9 

#1570 

1x|  OM2 

#2070 

8xJ  @  Stopp  M3 

#2074 

If  you  are  using  Futaba- 
Servos  leave  out  the 
metal  washers.  Through 
the  servos  into  the  frame 
using  only  the  rubber 
pieces. 
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4  Tail 


#  2483  -  unless  rotor 
diameter  is  150  cm, 
then  #2484 


4.6  Tail  Control  Rods 

Bag  11*  Bag  1 2 


Screw  the  two  2  mm  ball  links  onto 
the  control  rods.  Their  exact  positi¬ 
ons  are  of  no  importance  at  this  point. 
The  ball  ends  are  attached  to  the  balls 
more  easily  when  the  text  on  them  is 
pointed  away  from  the  helicopter. 
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4  Tail 


4.6  Tail  Control  Rods 
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4  Tail  Boom 
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#819 


#820 


4.7  Tail  Assembly 

Bag  6*  Bag  12 


8x  ^ 
2x0 
2x0 


M3x20  #1957 


26  mm  #2372 
1 19  mm  #2372 
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4  Tail 


4.9  Tail  Rotor  Blades 

Bag  5  *  Bag  12 

2x(g)  #1955 

2xB  0StoppM3  #2074 


#2461  -  unless  ^ 
rotor  diameter  is  150  om 
then  #2459 
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4  Tail  Boom 


4.10  Main  Frame  with  Taii  Boom 
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5  Main  Rotor  Head 


5.1  Blade  Grips 

Bag  7  •  Bag  10 

4x  8x16x5  #954 


#915 


#3082 


5.2  Mixing  Arms 

Bag  7*  Bag  10*  Bag  12 

4x  ^  3x7x3  #930 

2x0  3x5x12  #3090 

4x  Q  9  04,8  mm  #1570 

4x^  M2x8  #1902 

2x(§)  h  —  . 

M3x35#1961 
4x  §  ©  M3  Stopp  «074 
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5  Main  Rotor  Head 


5.3  Yoke,  Spindle  Shaft 

Bag  7  *  Bag  10 


Please  tighten  the  M6 
capscrew  only  gently  to  avoid 
unnecessary  widening  of  the 
spindle  shaft,  {jf  the  spindle 
shaft  widens,  it  will  be  difficult 
to  slide  the  ball  bean 
^nt^UT^_S£indle_^shaft^^ 


#2016- 


small 
inner  0 


apply  grease 


4x  8x3  mm 

#850 

2x  8x11  mm 

#952 

2x  11 ,5x16,8x0.8  mm 

#841 

H 

2x  ^  8x16 

#840 

2x  ^^6x12 

2x  imillllllllll 

#2016 

M6xt2#19S1 
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5  Main  Rotor  Head 


5.4  Seesaw 


Bag  7  •  Bag  10*  Bag  1 2 


2x#  >  M2x3 


#937 

#726 

#1902 

#1900 
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5  Main  Rotor  Head 
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5  Main  Rotor  Head 
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5  Main  Rotor  Head 
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5  Main  Rotor  Head 
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5  Main  Rotor  Head 


5.9  Rotor  Head  Linkage 

Bag  7  •  Bag  12 


#1569 


#1586  #1586 


attached  to  the  balls  more  easily  when 
the  text  on  them  points  away  from  the 
helicopter. 
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5  Main  Rotor  Head 
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5  Main  Rotor  Head 


17.10  Rotor  Disk 

Bag  7  •  Bag  12 

4x*  #1905 

The  rotor  disk  is  not  absolutely  ne¬ 
cessary.  However,  when  it  is  installed 
one  can  more  easily  stop  the  rotor 
head  from  spinning.  In  addition,  it  is  a 
nice  visual  detail. 
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5  Main  Rotor  Head 


5.11  Finished  Main  Frame  with  Rotor  Head 
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6  RC  Installation 
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Receiver  (attach  with  double-sided  adhesive  tape) 


Receiver  Battery  (attach  with  cable  straps) 


Speed  Controller  (attach  with  cable  straps)  Gyro  (attach  with  double-sided  adhesive  tape) 


Switch 
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6  RC  Installation 


Bag  1 


Battery  Fixing  Rings  (4x#2425) 


Foam  Layer  (#860) 
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6  RC  Installation 
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7  Canopy 


7.1  Mounting  of  Canopy 


Bag  1  •  Bag  12 


Careful:  At  first,  mount  the  canopy 
without  using  the  two  rubber  rings  and 
without  enlarging  the  two  mounting 
holes.  Once  you  have  aligned  the 
canopy  in  its  final  position,  the  two 
mounting  holes  can  be  enlarged  to 
their  proper  size. 


2x($)  QhMH 

#1955 

3x9x1 

#2011 

2xB  ^  Stopp  M3 

#2074 

2x  Q  05mm  x  9mm 

#825 
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7  Canopy 

7.2  Antenna  Placement 


Important:  Place  the  antenna  exactly  as  shown.  This  ensures  optimal 
reception  in  all  flight  positions. 

7.3  Decals 


Cut  out  the  three  horizontal  sections  of  the  decal  sheet.  If  you  have  no 
experience  with  applying  decals,  you  may  want  to  use  the  following  trick: 
Mix  a  few  drops  of  dish  washing  detergent  with  water  and  spray  it  onto  the 
canopy's  surface .  Afterwards  apply  the  decals.  You  will  be  able  to  move 
them  around  for  a  short  while  until  you  have  found  the  final  position. 
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7  Canopy 

7.3  Decals 
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8  How  to  avoid  interference 


Please  read  these  guidelines  carefully  in  order  to  fly  safely  and  without  electrical  interference. 

Flying  an  electric  helicopter  means  putting  several  electric  components  to  use.  It  is  essential  to  avoid  that  these 

components  create  disturbances  for  one  another. The  following  guidelines  tell  you  how  this  is  achieved. 

1 .  Placement  of  cables 

•  The  wires  connecting  the  motor  with  the  speed  controller  should  be  as  short  as  possible  However:  Do  NOT  cut 
the  motor  cables  (you  wont  be  able  to  re-solder  the  connectors  properly).  But  DO  shorten  the  speed  controller 
wires. 

•  Do  not  place  any  wires  (servo  wire,  gyro  wire,  or  antenna  wire)  in  the  neighborhood  of  the  speed  controller  or 
close  to  the  wires  which  lead  from  the  speed  controller  to  the  motor. 

•  All  wires  leading  to  the  receiver  should  be  shortened  in  such  a  way  that  the  wires  from  the  servos,  gyro  and  the 
on/off  switch  lead  to  the  receiver  following  the  shortest  distance  possible.  Any  excess  wire  will  be  a  source  for 
el  ect  rica  I  i  nte  rfere  nee . 

•  The  wires  connecting  the  speed  controller  with  the  receiver  should  be  placed  at  as  faraway  from  the  motor  and 
from  all  other  electric  leads  as  possible.  If  you  use  a  Kontronik  Tango  motor  you  must  use  the  Kontronik  ferrite 
ring.  This  is  because  this  motor  is  operated  at  a  high  frequency.  If  you  use  any  other  motor,  the  use  of  the  ferrite 
ring  is  recommended. 

•  Never  place  any  wires  in  the  direct  neighborhood  of  the  tooth  belt  or  the  drive  pulley. 

2.  Gyro 

•  Comparison  of  several  gyros  has  shown  that  they  react  differently  to  the  fields  generated  by  the  speed  controller. 
Many  piezo  gyros,  in  particular  the  less  expensive  ones,  are  quite  likely  to  pick  up  disturbances.  This  may  result 
in  continuous  wiggling  or  sudden  turns  of  tail.  At  MIKADO  we  have  found  that  the  new  Futaba  gyros  GY240  and 
GY401  do  not  show  these  problems  and  that  they  also  work  excellent  in  all  other  respects. 

•  Gyros  will  be  sensitive  to  electric  fields  when  they  are  placed  in  the  neighborhood  of  the  speed  controller,  or 
when  the  gyro  cables  are  close  to  the  motor  or  speed  controller.  It  is  therefore  recommended  that  you  place  the 
gyro  on  top  of  the  tail  boom  holder.  You  may  orders  special  gyro  mounting  plate  from  MIKADO  (part  no.  2486). 
The  GY401 .  and  GY240,  due  to  their  smaller  size,  may  also  be  placed  within  the  RC-frame  below  the  servos. 

•  As  with  all  cables,  place  gyro  cables  away  from  motor  and  speed  controller. 

•  Note  that  if  your  helicopter  appea  rs  sha  ky  this  is  not  necessarily  due  to  d  isturbances.  Another  so  urce  could  be 
that  tail  pitch  slider  can't  move  freely.  Check  regularly  (every  10  flights). 

3.  Antenna  (very  important!) 

•  The  receiver  must  be  placed  in  the  front  of  the  chassis.  The  antenna  leads  through  the  canopy  in  a  line  leading 
forwa  rd  (d  rill  small  hole  through  canopy) .  Get  a  wire  tube  and  attach  it  to  the  landing-bow  on  one  side.  Lead  the 
antenna  back  through  the  tube.  The  front  part  of  the  tube  will  stick  out  in  front  of  the  landing  bow  at  least  10 
inches.  Of  the  antenna ,  when  it  comes  out  of  the  tube ,  only  2  to  3  inches  will  stick  out.  In  other  words,  if  a  ny  pa  rt 
of  the  ante  nna  is  ha  nging  lose,  it  hangs  in  front  of  the  nose. 

•  It  is  best  to  attach  the  atenna  tube  at  the  lower  antenna  holders  on  the  landing  bow.  Such  placement  of  the 
antenna  will  increase  the  distance  between  the  antenna  and  other  electrical  components  such  as  motor,  controller 
and  batteries.  In  this  way,  reliable  performance  of  the  helicopter  in  all  flight  positions  is  ensured. 

4.  Receiver 

•  Use  up-to-date  and  first-rate  dual  conversion  receivers.  Here  at  MIKADO  we  use  the  Graupner  JR  receiver 
type  DS19  (FM/PPM)  or  SMC19  DS  or  SMC20  DS  (both  SPCM). 

•  On  choice  of  PCM  or  PPM:  In  general,  we  suggest  to  use  PCM  receivers.  They  have  optimal  range  and  they 
allow  for  flight  without  disturbances  when  ail  of  the  above  guidelines  have  been  followed.  If  you  are  uncertain 
whether  your  heli  is  disturbance-free,  it  is  recommended  that  you  fly  PPM  first. This  allows  you  to  diagnose  any 
potential  disturbances. 

5.  Battery  packs 

General  rule;  The  more  voltage ,  the  more  potentia  I  for  disturbances.  Thus,  the  more  cells  you  fly,  the  more  preventive 

care  should  betaken  against  disturbances.  You  should  use  inline  battery  packs  (soldered  or  connected),  because 

they  have  both  cables  in  the  back  (which  avoids  excess  wiring  in  the  front  of  the  helicopter). 
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9  RC  Programming 


9.1  120°  Swashplate  Mixing  (120°  CCPM) 

The  LOGO  24  swashplate  is  designed  to  be  controlled  via  electronic  CCPM.  Thus  the  corect  control 
inputs  of  the  three  swashplate  servos  are  autonnatically  mixed  by  the  R/C  transmitter.  If  you  have  never 
programmed  120°  CCPM  before,  please  read  this  introductory  text  carefully. 

9.2  Collective  (Pitch) 

Pitch  function  is  used  to  control  the  lift  or  sink  of  the  helicopter.  When  pitch  input  is  given,  all  three  swash¬ 
plate  servos  travel  together  in  the  same  direction  and  the  same  amount.  As  a  result  the  swash- plate 
moves  up  or  down  on  an  even  level. 

We  strongly  recommend  to  use  a  pitch  gauge  for  adjusting  the  pitch  values.  If  you  do  not  wish  to  use  the 
full  pitch  range  (-12°  to  +12°),  you  may  set  the  pitch  values  for  minimum  and  maximum  pitch  separately 
in  the  R/C  transmitter.  If  you  are  new  to  the  hobby,  we  recommend  to  set  minimum  pitch  at  3°. 


PtteliCijrv.(fit»HlinD  Pitch  Curv*  (8D) 

Pitch  Range  Pitch  Range 
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Neutral  Pitch  (0°) 


9  RC  Programming 
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9  RC  Programming 


9.3  Elevator  (Tilt) 

For  tilting  the  helicopter,  use  the  elevator  function.  For  tilting  forward,  the  two  aileron  servos  move  down¬ 
ward  and  the  backward  elevator  servo  moves  upward.  The  elevator  servo  moves  twice  as  much  as  the 
two  aileron  servos. 


9.4  Aileron  (Roll) 

Aileron  (roll)  is  used  to  control  the  helicopter’s  movements  around  its  longitudinal  axis.  When  aileron 
(roll)  input  is  given,  the  two  roll  servos  (in  the  front  of  the  swashplate)  travel  in  opposite  directions.  As  a 
result  the  swash-plate  tilts  to  the  right  or  to  the  left. 
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9  RC  Programming 


9.5  Programming  120^  CCPM 

As  the  programming  procedure  varies  with  different  types  of  R/C  systems,  it  is  necessary  for  you  to 
refer  to  the  instruction  manual  of  your  R/C  system.  Here  are  only  a  few  general  guidelines  which  apply 
to  most  systems. 

Servo  Centering  with  Sub-Trim  Function 

As  indicated  in  the  above  sections  on  mounting  the  servos,  it  is  important  that  the  servo  arms  are 
exactly  centered.  You  should  use  the  servo  sub-trim  function  of  your  R/C  system  for  this  purpose. 

Activating  120°  CCPM 

Likely,  the  120°  CCPM  function  is  initially  disabled  in  your  R/C  transmitter  software  and  needs  to  be 
separately  activated.  Please  refer  to  your  R/C  system  manual,  where  you  will  also  find  information  on 
which  channels  should  be  used  for  the  elevator  servo  and  the  two  roll  servos.  It  is  important  that  you 
stick  with  the  requirements  stated  in  the  manual.  Otherwise  the  120°  CCPM  will  not  function  properly. 

Your  R/C  may  support  various  different  CCPM  mixings.  For  Logo  24  choose  the  120°  mixing  with  two 
roll  servos  in  the  front  and  one  elevator  servo  in  the  back. 

Use  the  relevant  menus  for  setting  the  mixing  proportions  for  roll,  elevator  and  pitch  functions.  Begin 
by  setting  the  mix  values  to  50%  each.  Higher  mix  values  give  higher  servo  travel  for  that  function  This 
can  have  the  unwanted  result  that  the  swashplate  reaches  its  limits  and  causes  damage  to  the  servos 
or  rods  or  to  the  swash-plate  itself. 

If  necessary  you  may  use  the  CCPM  menu  to  reverse  the  direction  of  the  function.  This  is  necessary, 
for  example,  if  the  swash-plate  tilts  to  the  wrong  side  or  the  pitch  function  is  inverted.  The  menu  for 
reversing  servo  functions  can  be  used  for  reversing  the  movements  of  individual  servo  arms,  but  not 
for  reversing  the  entire  control  funotion  and  of  all  the  involved  servos. 

Aileron  and  Elevator  Travel 

The  travel  range  of  the  aileron  and  elevator  servos  are  limited  by  the  swashplate ’s  mechanical  limits. 
Please  take  care  that  the  swashplate  does  not  hit  the  maximum  of  its  travel.  This  can  have  the  unwanted 
result  that  the  swashpite  reachies  its  mechanical  limits  and  causes  damage  to  the  servos  or  rods  or  to 
the  swashplate  itself,  e  Gestange  und  die  Taumelscheibe. 

If  you  desire  more  agility  for  your  helicopter,  use  lighter  fly  bar  paddles. 
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9  RC  Programming 


9.6  Tail  Rotor  Settings 

When  the  servo  arm  of  the  tail  rotor  servo  is  in  the  center,  the  tail  rotor  lever  and  the  servo  arm  should  be 
perpendicular  with  respect  to  each  other.  The  tail  rotor  pitch  lever  should  never  reach  its  mechanical 
limits. 

In  case  the  servo  travel  is  too  large,  you  have  the  following  options  for  correcting  this: 

1 .  Move  the  ball  end  of  the  tail  rotor  servo  closer  to  the  center  of  the  servo  arm. 

2.  Reduce  the  servo  travel  in  your  R/C  system  using  ATV. 

3.  Reduce  the  servo  travel  in  your  gyro  (not  all  gyros  have  this  option). 

In  case  the  servo  travel  is  too  small,  you  have  the  following  options  for  correcting  this: 

1 .  Move  the  ball  end  of  the  tail  rotor  servo  further  away  from  the  center  of  the  servo  arm. 

2.  Increase  the  servo  travel  in  your  R/C  system  using  ATV. 

3.  Increase  the  servo  travel  in  your  gyro  (not  all  gyros  have  this  option). 

Ensure  that  the  tail  rotor  servo  turns  in  the  correct  direction.  If  necessary,  reverse  the  direction  of  the  tail 
rotor  servo  function  in  your  R/C  system. 


Adjust  the  tail  rotor  linkage  in 
length  such  that  the  tail  rotor  servo 
arm  and  the  tail  rotor  lever  are  at 
90  with  respect  to  each  other. 


All  parts  serving  the  tail  rotor 
movements  must  move  smoothly. 
When  there  is  too  much  resis¬ 
tance,  the  tail  rotor  will  not  react 
to  subtle  input  and  the  gyro’s 
maximum  sensitivity  cannot  be 
fully  exploited. 


9.7  Revo-Mix/Gyro 

It  is  necessary  to  com  pen  sate  for  the  torque  created  by  the  motor  during  flight  (but  not  during  autorotation). 
This  compensation  is  done  by  adjusting  the  tail  rotor  pitch.  There  are  two  options  for  achieving  this: 

1.  Using  normal  gyro  mode 

Please  refer  to  your  R/C  system  manual  for  activating  the  revolution  mixing  function  and  for  setting  all 
parameters  correctly.  Final  settings  should  be  trimmed  during  test  flights. 
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9  RC  Programming 


2.  Using  a  gyro  in  Heading-Hold  mode 

The  Heading-Hold  gyro  mode  compensates  automatically  the  deviation  caused  by  the  motor  torque. 
Therefore,  if  Heading-Hold  mode  is  used,  revo-mix  should  not  be  programmed  additionally. 

Important;  Check  to  ensure  that  the  tail  rotor  assembly  moves  smoothly  and  without  play.  Otherwise  the 
gyro  and  servo  will  not  compensate  the  torque  properly. 

Rotor  Head  RPM  control 

LOGO  24  is  designed  to  be  flown  with  constant  rotor  head  speed.  Irrespective  of  flight  attitude  (ascending, 
descending,  hovering),  rotor  speed  should  be  kept  roughly  constant.  There  are  two  different  methods  for 
obtaining  constant  rotor  speed: 

Rotor  speed  control  with  speed  controller 

All  speed  controllers  can  be  used  in  this  mode.  With  speed  controller  it  is  necessary  to  program  a  throttle 
curve  (see  manual).  Programming  of  throttle  curve  requires  that  you  associate  a  given  throttle  value  with 
a  particular  pitch  value.  In  this  way,  the  rotor  speed  is  held  almost  constant  with  all  pitch  values. 

Throttle  curve  programming  depends  on  the  type  and  quality  of  the  R/C  system.  Simpler,  inexpensive  R/ 
C  systems  designed  for  model  helicopters  usually  have  a  3-point  throttle  curve.  High-end  R/C  systems 
typically  have  throttle  curves  with  more  configurable  points  (up  to  9).  Fine  tuning  of  throttle  curves  will  be 
necessary  during  test  flights. 


ThrattiB  CurvB  for  bsginnsr 


(Hovering) 


PtJiwer  Ouitput 


Stick  Position 


Throttle  Curve  (Siitiule  Aerabehc  Flight} 
Power  Output 


Stiok  Petition 


Thrvttte  Curve  (30  Flight) 

Power  Output 


Note  that  an  incorrectly  programmed  throttle  curve  reduces  performance  and  can  lead  to  overheating  of 
the  motor  and  the  speed  controller. 

Rotor  speed  control  with  governor  (RPM  regulation  mode) 

A  speed  controller  with  governor  function  keeps  the  rotor  head  speed  constant,  independent  of  fight 
attitude  (ascending,  descending,  hovering).  It  is  net  necessary  to  program  a  throttle  curve.  The  head 
speed  is  simply  controlled  on  the  radio  transmitter  using  a  switch  or  lever. 

Important: 

1 )  Governor  mode  must  be  activated  in  the  speed  controller  first  (see  manual  of  the  speed  controller) 

2)  in  governor  mode,  the  servo  wire  of  the  speed  controller  must  not  be  connected  to  the  throttle  channel 
Use  a  free  channel  in  your  radio  to  connect  the  servo  wire. 
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10  Rotor  Blades 


10.1  Balancing  of  Rotor  Blades 
(Center  of  Gravity) 

Place  each  rotor  blade  over  an 
edge  as  shown  in  picture  (1 ).  Adjust 
the  biades  so  that  they  are  in  equilib¬ 
rium.  If  the  center  of  gravity  is  not  in 
the  same  piace  in  each  blade,  this 
needs  to  be  corrected  using  tape. 
Apply  as  much  tape  as  necessary 
until  both  blades  show  their  center  of 
gravity  in  the  same  piace. 


10.2  Static  balancing 
Screw  the  rotor  biades  together  as 
shown  in  picture  (2).  The  rotor  bla¬ 
des  are  properly  balanced  when  they 
are  suspended  exactly  horizontally. 
If  one  of  the  rotorb lades  is  not  exact¬ 
ly  horizontal,  the  blades  are  not  in 
equilibrium. 


This  is  corrected  by  applying  tape 
to  lighter  blade. 


When  mounting  the  rotor  blades  to 
the  blade  holders,  note  the  proper  di¬ 
rection  (ciockwise  rotation).  Tighten 
the  cap  screws  holding  the  rotor  bla¬ 
des,  so  that  the  blades  cannot  move 
easily  in  the  blade  holders. 
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11  Final  Pre-Flight  Check 


11.1  Direction  of  Main  and  Tail  Rotation 

Prior  to  the  first  flight  double-check 
the  direction  of  rotation  of  the  main 
rotor  head  and  the  tail  rotor.  For  this, 
turn  the  main  gear  clock-wise. 


11.2  Blade  Tracking  Adjustment 


Incorrect 


o 


Prior  to  the  first  flight  the  tracking 
of  the  rotor  blades  needs  to  be  ad¬ 
justed.  If  the  tracking  is  not  adjusted 
properly,  this  can  cause  vibrations 
and  lead  to  instability  of  the  helicop¬ 
ter. 

Apply  colored  tape  to  the  tip  of  one 
of  the  rotor  blades.  Apply  tape  of  a 
different  color  to  the  tip  of  the  other 
rotor  blade.  When  you  are  ready  for 
your  first  flight,  increase  the  rotor 
speed  to  just  before  lift-off.  From  a 
safe  distance,  check  the  rotor  disk 
at  eye-level.  Very  likely,  one  rotor  bla¬ 
de  will  move  below  the  other. 

Make  a  note  of  the  color  of  the  low- 
moving  blade.  Then  turn  off  the  mo¬ 
tor  and  wait  until  the  rotor  head  has 
come  to  a  halt.  Lengthen  the  linkage 
(1 )  of  the  rotor  blade  which  was  mo¬ 
ving  low  by  unscrewing  the  ball  links 
somewhat.  Repeat  the  checking  pro¬ 
cedure  until  both  rotor  blades  move 
on  the  same  level. 
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12  Control  Movements 


12,1  Pitch/Throttle 


You  may  want  to  program  a  diffe¬ 
rent  stick  mode  than  the  one  shown. 
Please  check  which  stick  mode  is 
used  by  other  local  pilots.  Use  the 
same  one,  so  fellow  pilots  can  assist 
you  on  the  field. 

Important:  Flying  a  model  helicop¬ 
ter  requires  many  hours  of  training. 
During  your  first  attempts,  while  fa¬ 
miliarizing  yourself  with  the  different 
control  movements,  keep  the  heli¬ 
copter  low  above  the  ground  (Just  a 
few  centimeters/a  couple  of  inches.) 


12.2  Rudder 
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12  Control  Movements 


12.3  Elevator 


12.4  Aileron 
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13  Overview 
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13  Overview 
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13  Overview 


13.3  Rotor  Head 


eWil4di»  ModellhLCsehiaubef 
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14  Tuning/Accessories 


Tail  rotor  hub  with  Carbon  tail  rotor  upgrade 

set  #3062 


carbon  servo 
holder  fortailboom#S28 


thrustbearings  #3052 


0 


Alu  washout  unit  #973 


light  paddles#2357 


Alu  motorplate  #3061 


Rotor  disk  #932 
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APPENDIX  G.  UNAV  DATASHEET 


Crossbow 

MNAV 

HArnkTOH  &  SfflVU  coni™  iOAflP 


i  Kiiflcatuf^.  Loi^  Ccit  fi&boiie  VtiKiclf 

S*ftWr  &gi» 

■  Onboard  PK  Servo  Co rrtrofcr 
•  Stjndwd  5 1  -ftfi  C  flnrtectfrf  fw 

OpHon  ji  ^  r  Aate-fw 

lii^*rfadv 


■  Pre-initall0d  with  Open  Source 
Inti1i|>  f^rnnw#rf 


MNAVIOOCA 


■  Sfifiwr  CiliwaSion  and  5«vo 
Contiof  VH  WfeCI&VlW  Ussf 
Interface 

Applictitions 

Wing  Af  aaft 

»  Rsbcslici  Nark-igaeicin  ind  Control 

■  Indoor  WAVy  Lab 


— Eli  jJlIlEilJ  Jill 

PJCkAg4.  Pirrrrrv>ai?n> 


th#  MNAVIQQCA  II  I  CJ|llbrJT4hd  <^191- 

designed tci  use  n  Radio  CdnlrdtWO 
vehicles  T^ie  onboard  senior  package 
includes  accelerometers^  angular  rale 
sensors-,  and  magnetometers  toi  os* 
in  inner  !ooi>  consroi  appl»cjtions  ai 
well  as  Italic  pressure  {akitudejl  and 
dynamic  pressure  (atf speedy  sensors 
ioi  ys(!  m  airborne  roti^tcC^  A 
sdntor  IS  i^io  included  foc  berth  pnh 
planning  and  navigatnn 

TbeWKjAVl  WCA^  compeehensive  on¬ 
board  servo  coninol  lolumon  includes 
both  Rrt  servo  control  hardware  and 
a  n  ftre  receiver  Pulse  Position  t^toduf- 
a  tion  {P^i^  inte-rface .  RrC  serve  tvand- 
wart  orovidtj  useti  with  ^oftwirc- 
ba^  cohcioil  erf  up  10  nme  separart 
leiws  while  I  be  PPM  Interfax?  enables 
software  irvterprelation  0(  JVC  r-ecewer 


oommaiKls  thtereby  ofiering  users  both 
a  ufomaied Software  cbnifol  ai  well  as 
nmnual  -tjfctovtr'  capability 

OutpuC  data  are  provided  in  a  digilal 
f«S-232HQimat  Each  WWW  1 0*C  A 
system  comes  with  a  GPS  antenna, 
isifcerfac*  caHei  ind  Usei's  Manual 
Crossbow's  WICRO-VIEW  software 
is  also  included  tc  assisl  users  vath 
sensor  calibration,  seruo  cr^ntrah 
data  coHtctlch  and  wrerall 
dtvelOprmnl . 

When  connected  to  Crossbow's 
^targale  Processor  loard  (4Pfi4i)fl5, 
via  the  ilandard  51 -pin  tonneewr, 
tihe  MHAVI  OOCA  combines  with 
the  SPfi4CiO  to  form  a  sophisticated 
open-SAurce  robotics  platform.  Thts 

COfflptthtmiVt  rObOt*ClSfllUSCriOi1f#S 
rastfsa  li4inbitd*Mei*pinenipiaifoim 
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VIIIAVSktck  P’i^gran 


OocLincN-  Past  Nurtt#  ao:o  00S3-O2  E 


181 


Spedfi  cations 

MNAV100CA 

Remarks 

Perfcrmanm 

updaiefiaietHz) 

MOO 

,  user  Progremnyble 

Angula-r  Rate  Range 

±  ISO 

Accelera  t  lOft  Range  XAf/Z  (g} 

±2 

Inertiat  Sensor  Bindwidlli  (Hz) 

>2S 

■3  dB  point 

Magnetometer  Rjnge(GJ 

±0.75- 

Altitude  Range 

o-sooo 

Airspeed  ftenge  (m/s) 

o-so 

OPS  Ai;cuiriC|F  (m) 

3 

CEP 

Environment 

Operit  mg  Tern  persi  urt 

-5  to+4S 

Electrical 

Input  ^*ttege  fVDC) 

3.7  to  l€ 

Power  Consumption  {W} 

cOS  _ _ 

it  5  VDC  i 

Digital  Outpuft  Formal 

RS-232 

Physical 

Size  (in) 

2.25x1.30x0  44 

(cm) 

S  70x4  50x110 

weight  (g) 

■ 

Connector 

[  iSXa  Array  oT  0  i  mch.  square 

-JpKilKJtionE  to  Ch^rpjs  without  notKe 


for  state  estimation,  WiFi  telemetry 
command  uplink/downlink  and  closed- 
loop  navigation  and  control.  Payload 
sensors  (e  g.  USB  iimage  sensor)  can  also 
be  connected  and  processed  by  the 
Stargate  to  support  intelligent  robotics 
applications. 


MNAV  integrated  with  Complete 
Robotics  Hardware 


Crossb^i 


m 


Pin 

Function 

1-1S.31 

Ground 

1  16.32 

In  pul  F'owei' 

17,20-30 

Servo  Piower 

13 

RS-232  ftKtive  Port  0 

^35 

fiS-232  Tran?mil  Pori  0 

!  19 

RS-232  Receive  Port  1  (GPS) 

34 

ftS-232  Transmit  Pwl  1  (GPS) 

3S 

PPM  Input 

36 

High  Speed  Servo-  Pwm 

37 

Servo  S  PWM 

33 

Servo  7  PWM 

'  39 

Servo  6  PWM 

-40 

Servo  S  PWM 

41 

Serro4PWM 

42 

Servo  3  PWM 

43 

servo  2  PWM 

44 

servo  1  PWM 

4S 

Servo  0  Pwm 

MNAVlOOPin  Diagram 


U.PtjtyBan 


pISAV 

j 

Rtamaln  ^ 

fr 

_ ^  JUKI  11  TYilAFnwImr  r^iwinuinn 

H/C 

i  k-  ^ 

Y 


y 


fVCnSVTttBT 

OiDundPC 

Complete  Robotic  Solution 

Ordering  Informatiun 


1  Model 

Description 

Gyro  (“/sec) 

Accel  (g)  1 

MNAViOOCA 

Navigation  aiKt  Servo  Control  Board 

i  ±  ISO 

>2 
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APPENDIX  H.  UAV  SURROGATE  WORK  LOG 


Steo  Discrintion 

Technical  Assist. 

Special  Tools 

Tech  Assist 

Special  Tool 

1  Main  Frame 

Time  (min) 

Needed 

Needed 

Time 

Time 

1.1  Servo  installation 

38 

No 

No 

0 

0 

1 .2  Motor  Plate 

2 

No 

No 

0 

0 

1 .3  Battery  Holder  and  R/C  Plate 

45 

No 

No 

0 

0 

1.4  Controller  Plate  and  Gyro  Plate 

90 

No 

No 

0 

0 

1.5  Chassis  Assembly 

42 

No 

No 

0 

0 

1.6  Final  Chassis  Assembly 

63 

No 

No 

0 

0 

1.7  Landing  Gear 

56 

No 

No 

0 

0 

18  Bearing  Case 

20 

No 

No 

0 

0 

1.9  Main  Gear 

65 

No 

No 

0 

0 

110  Main  Rotor  Shaft 

38 

No 

No 

0 

0 

111  Elevator  Lever 

10 

No 

No 

0 

0 

112  Aileron  Lever 

8 

No 

No 

0 

0 

113  Linkages 

72 

No 

No 

0 

0 

1.14  Servo  Arms 

16 

No 

Yes 

0 

16 

115  Elevator  Linkage 

65 

No 

Yes 

0 

65 

116  Aileron  Linkage 

64 

No 

Yes 

0 

64 

117  Swashplate 

63 

No 

No 

0 

0 

118  Washout 

63 

No 

No 

0 

0 

119  Swashplate  Guide 

71 

No 

No 

0 

0 

120  Installation  of  Washout 

7 

No 

Yes 

0 

7 

121  Finished  Main  Frame 

0 

No 

No 

0 

0 

898 

0 

152 

2  Motor  InstaHafcn 

2.1  Motor  Installation  and  Pinion 

7 

Yes 

No 

7 

0 

2.2  Adjusting  Gear  Backlash 

53 

Yes 

No 

53 

D 

2.3  Tail  Rotor  Shaft 

77 

No 

No 

0 

0 

2.4  Vertical  Fin 

97 

No 

No 

0 

D 

2.5  Tail  Pitch  Slider 

39 

No 

No 

0 

0 

273 

60 

0 

3  Tail  Rotor 

3.1  Tail  Rotor  Shaft 

84 

No 

No 

0 

D 

3.2  Vertical  Fin 

31 

No 

No 

0 

D 

3.3  Tail  Pitch  Slider 

39 

No 

No 

0 

D 

3.5  Tail  Rotor  Hub 

77 

No 

No 

0 

D 

231 

0 

0 

4  Tail 

4.1  Tail  Boom  Assembly 

50 

No 

No 

0 

D 

4.2  Tail  Boom  Holder 

38 

No 

No 

0 

D 

4.3  Tail  Drive  Pulley 

24 

No 

No 

0 

D 

4.4  Tail  Servo  Holder 

14 

No 

No 

0 

0 

4.5  Horizontal  Fin 

82 

No 

No 

0 

0 

4.6  Tail  Control  Rods 

84 

Yes 

Yes 

84 

84 

4.7  Tail  Assembly 

9 

No 

No 

0 

0 

4.8  Tail  Boom  Brace 

20 

No 

No 

0 

0 

4.9  Tail  Rotor  Blades 

99 

No 

No 

0 

D 

4.10  Main  Frame  With  Tail  Boom 

0 

No 

No 

0 

0 

_ 

4?0 

84 

84  1 
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SteD  Discrintion 

Technical  Assist. 

Special  Tools 

Tech  Assist 

Special  Tool 

5  Main  Rotor  Head 

Needed 

Needed 

'■me 

■me 

5.1  Blade  Grips 

47 

No 

No 

0 

0 

5  2  Mixing  Arms 

36 

No 

No 

0 

0 

5.3  Yoke,  Spindle,  Shaft 

47 

No 

No 

0 

0 

5  4  Seesaw 

47 

No 

No 

0 

0 

5  5  Flybar  Control  Bridge 

21 

No 

No 

0 

0 

5.6  Flybar 

47 

Yes 

Yes 

47 

47 

5.7  Flybar  Paddles 

30 

No 

No 

0 

0 

5.8  Final  Assembly 

95 

No 

No 

0 

0 

5.9  Rotor  Head  Linkage 

77 

No 

No 

0 

0 

5AQ  Rotor  Disk 

72 

No 

No 

0 

0 

5.11  Finished  Main  Frame  with  Rotor  Head 

0 

No 

No 

0 

0 

519 

47 

47 

6  Avionics, Wireing  and  Power  Insf^ation 

6.1  Receiver  Installation 

95 

Yes 

No 

05 

0 

6.2  Heading  Gyro  Installation 

34 

Yes 

No 

34 

0 

6.3  Servo  Control  Lead  Installation 

76 

Yes 

No 

76 

0 

6.4  Receiver  Battery  Installation 

54 

No 

No 

0 

0 

6.5  Motor  Controller  Installation 

98 

Yes 

Yes 

98 

98 

6.6  Main  Switch  Installation 

14 

No 

No 

0 

0 

6.7  Main  Battery  Installation 

38 

No 

Yes 

0 

38 

6.8  Antenna  Placement 

63 

No 

No 

0 

0 

6.9  Canopy  Installation 

27 

No 

No 

0 

0 

499 

303 

136 

7  RC  Programming 

7.1  1 20o  S wa  s  hplate  M  i  xi  ng  { 1 20o  CC  P  M ) 

18 

Yes 

Yes 

18 

18 

7  2  Collective  (Pitch) 

13 

Yes 

Yes 

13 

13 

7.3  Elevator  (Tilt) 

61 

Yes 

Yes 

61 

61 

7.4  Aileron  (Roll) 

95 

Yes 

Yes 

95 

95 

7  5  Programming  120o  CCPM 

56 

Yes 

Yes 

56 

56 

243 

243 

243 

8  Axis  Trims 

8.1  Servo  Centering  with  Sub-Trim  Function 

18 

Yes 

No 

18 

0 

8.2  Activating  120o  CCPM 

97 

Yes 

No 

97 

0 

8  3  Aileron  and  Elevator  Travel 

46 

Yes 

No 

46 

0 

8.4  Tail  Rotor  Settings 

23 

Yes 

No 

23 

0 

8.5  Revo-Mix/Gyro 

65 

Yes 

No 

65 

0 

8.6  Rotor  Head  RPM  Control 

29 

Yes 

No 

29 

0 

8.7  Balancing  of  Rotor  Blades  (Center  of  Gra^ 

91 

Yes 

No 

91 

0 

8.8  Static  Balancing 

33 

No 

No 

0 

0 

402 

369 

0 

9  Right  Testing  _ 

9.1  Direction  of  Main  and  Tail  Rotation 

2 

No 

Yes 

0 

2 

9.2  Blade  Tacking  Adjustment 

26 

Yes 

Yes 

26 

26 

9.3  Pitch/Throttle 

57 

Yes 

Yes 

57 

57 

9.4  Rudder 

94 

Yes 

Yes 

94 

94 

9.5  Elevator 

48 

Yes 

Yes 

48 

48 

9  6  Aileron 

35 

Yes 

Yes 

35 

35 

262 

260 

262 

Total 

3747 

1366 

924 
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